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ABSTRACT
The work described in this thesis is concerned with an investigation 
into the preparation and properties of ruthenium nitrosyl di-iodide and 
ruthenium tri-iodide.
The preparation of ruthenium nitrosyl di-iodide R^NOjlg, by treat­
ing ruthenium dicarbonyl di-iodide R u ^ O ^ ^ *  with nitric oxide is described, 
and its structure is discussed. A comparison is made between its proper­
ties and those of ruthenium nitrosyl tri-iodide Ru(N0)l^, and ruthenium 
dicarbonyl di-iodide.
The products obtained by treating ruthenium nitrosyl di-iodide with 
ligands are described and a number of new compounds are reported. These 
compounds have the general formula R ^ N O ) ^ ^  (L = monodentate ligand) or 
RufNOjlg^* (L* = bidentate ligand). They are non-electrolytes and are 
feebly paramagnetic. Their structure is discussed. An attempt is made 
to correlate the frequencies of the NO stretching bands in the infra-red 
spectra of these compounds with the nature of the ligands present.
Attempts to obtain these compounds by treating the carbonyl compounds 
RufCO^I^L^ with nitric oxide are described.
A study of the reaction between aqueous solutions of commercial 
ruthenium chloride and potassium iodide is reported. This reaction 
leads to the formation of a precipitate of ruthenium tri-iodide. It
is shown that the amount of ruthenium tri-iodide obtained is related 
to the amount of ruthenium(lV) in the chloride. Ruthenium tri-iodide 
is not precipitated from ruthenium(lll) chloride solutions but ig 
quantitatively formed from ruthenium tetroxide. The composition and
structure of ruthenium tri-iodide is discussed.
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P A R T  I
THE CHEMISTRY _0F RUTHENIUM
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Ruthenium, atomic, number 44, atomic weight 101.1, is a second series
transition element with an electronic configuration which terminates 
7 14d 5s • It is situated in Group VIII of the Periodic Table*
Group VIII
1st transition series (1st triad) Fe Co Hi
2nd transition series (2nd triad) Ru Rh Pd
3rd transition series (3rd triad) Os Ir Pt
Ruthenium, being an extremely rare element occurring to the extent 
af only one part per million in the earth5s crust, was not discovered 
until 1845 by Claus. Since then its basic chemistry has been fairly 
well established. A comprehensive source of information for the early 
work on ruthenium chemistry is provided in Gmelin’s Handbuch [l]# Two 
further sources, which also include more recent developments, are provided 
by Sidgwick [2,p.l455] and Cotton and Wilkinson [3,p*81i],>
Ruthenium shows some resemblance to the other elements in Group VIII 
not only as a ’typical' metal but also in its chemical properties as a 
transition element. Probably the most characteristic property of 
transition elements, due to their partly filled & orbitals, is their 
ability to assume a number of different oxidation states and, in at least 
some of them, to exhibit paramagnetism. This ability to assume different 
oxidation states is a prominent feature of ruthenium,which exhibits 
oxidation states (o) to (VIIl) inclusive. As expected of a second 
transition series element, the higher oxidation states are more stable 
than those of the analogous first series element, iron.
There is a close similarity between the chemistry of ruthenium and 
that of osmium. Of the elements in Group (vill) only these two clearly 
exhibit the group oxidation state. The few differences which do exist 
can usually be traced to the stability of the higher oxidation states, 
which is greater for osmium than for rutheniumc The close similarity 
between these two elements is due, at least in part, to the lanthanide 
contraction which causes osmium to have an atomic size very similar to 
ruthenium, both of which are larger than iron.
Atomic Radii (1) [4]
Fe 1.165 I,o. 1.241 Os 1.255
The largo range of oxidation states of ruthenium is of interest
with regard to their stabilisation and magnetic properties. Some
indication of the relative importance and stability of the various
oxidation states can be obtained from the number and properties of the
binary halides.
The Binary Halides of Ruthenium 
Ru(ll) Ru(lll) Ru(iv) Ru/v) Ru(vi)
RuF- RuF. RuF,_ RuF^3 4 5 6
RuCl^1 RuCl^2 RuCl^
RuBr.1 RuBr 2 
2 3
Rul_
1 2known only in solution. known in an anhydrous and an hydrated form.
3
known as a pentahydrate only.
Oxidation state (ni) is probably the most stable and certainly
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one of the most important. Apart from the binary halides, all of which 
are known, numerous complexes have been reported. Hydrated ruthenium 
chloride is an important compound of ruthenium and one of the few that 
can be obtained commercially, but the commercial product may contain an 
appreciable amount of ruthenium (iv) [5]. Oxidation state (iv) is also 
important and although compounds are less numerous they include the very 
stable ruthenium dioxide Ru0o
In some respects oxidation state (il) is less stable than (ill) 
and (IV). The ruthenium (il) binary halides are known only in solution, 
probably as cationic halo species [6], and are readily oxidised to 
ruthenium (ill). However, numerous complexes of ruthenium (il) have been 
reported, particularly with ligands such as phosphines, aruines etc., 
which are known for their ability to stabilise low oxidation states.
As might be expected, oxidation states (0) and (i) are stabilised by carbon 
monoxide, whilst the higher oxidation states (v), (vi),(vil) and (VIIl) 
are stabilised by the non-polarisable ligands fluorine and oxygen.
The Oxides and Oxy Anions of Ruthenium
Ru(lV) Ru(Vl) Ru(VIl) Ru(VIIl)
Ru O£ [Ru04]2“ [Ru04]~ Ru04
(ruthenate) (perruthenato)
Chatt [7], one of several authors [8,p.l98;9,p*U’2jlO#po98] who
have discussed the subject, has emphasised the importance of tr bonding
in the stabilisation of not only low, but also of high, oxidation states.
Carbon monoxide stabilises ruthenium (0) in the pentacarbonyl Ru(C0)^[ll j
-13-
in which ruthenium achieves the effective atomic number of xenon, in 
accordance with the 'inert gas’ rule. An ennea carbonyl has been 
reported [ll] but this is now known to be trimeric [Ru (C0)4]^ [l2].
Carbon monoxide also stabilises the extremely rare oxidation state (I) 
in the carbonyl bromide Ru(C0)Br[l3] which is almost certainly polymeric. 
This oxidation state does not exist in solution, disproportionating in 
a few minutes to ruthenium (ii) and ruthenium metal [14]* The ruthenium 
(il) carbonyl halides Ru(C0)2X2 (X = Cl; Br or i) have been reported [15] 
and a series of complexes have been prepared from the iodide [l6;17jo 
The cyanide ligand, which is isoelectronic with carbon monoxide, also 
stabilises ruthenium (il).
Complexes involving group V ligands are well known. Ruthenium (il) 
and (m) form numerous complexes with ammonia and recently ammine 
phosphate complexes have been reported [l8]. The bipyridyl, terpyridyl
O j_
and o-phenanthroline complexes [Rufcipy^] [19], [Ru(terpy}>] [20] and
o |
[Ru|)hen^] [2l] are known and the redox potentials of the Ru(ll)
Ru(lll) couples have been determined [22;23]« Recently other 
bipyridyl and ^ -phenanthroline complexes have been reported [24;25]. 
Complexes with a variety of mono-and ditertiary phosphines [26] and with 
the arsines Oyphenylenebisdimethylarsine [27] and tri^(£-diphenylarsin- 
ophenyl) arsine [28] have been prepared. The phosphine complexes are 
of particular interest because complexes containing the hydride ion have 
been prepared from many of them [29;30;3l].
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Complexes involving group VI ligands are less numerous than those 
involving group V ligands. The acetylacetone complex [Ru^cac^] and the 
oxalato complex [Ru(ox^ ] [33] have been reported * Ruthenocene (C^H^)^Ru 
[34] has been prepared from the acetylacetone complex. Compounds
of the cyclopentadienyl type have attracted considerable attention in 
recent years and a number of ruthenium compounds have been prepared [35].
Chloro complexes of a number of different types are known for 
ruthenium (ill) and (iv) and in many cases there are bromo-analogues.
The identification of the species present in aqueous chloride solutions 
containing either ruthenium (ill) [36?37;38j or (IV) [39;40] has 
attracted considerable attention. Hexafluoro complexes of ruthenium (ill) 
[4l], (iv) and (v) [42;43] have been prepared. Xodo complexes
have not been reported.
A feature of ruthenium chemistry which merits special attention is 
the number of nitrosyls formed; these are more numerous than for any other 
metal. Almost all these nitrosyls contain the group[Ru(N0)j (ill) 
and this can be associated with almost any ligand in cationic, neutral, 
or anionic octahedral complexes. In recent years the complex nitrosyls 
which occur in nitric acid solutions of irradiated fissile materials 
have been investigated [44;45;46;47].
Very little accurate physical chemical data for ruthenium compounds 
has been published. However, the magnetic susceptibilities of a large 
number of ruthenium compounds have been measured and a critical survey 
of the magnetic moments has been made by Figgis and Lewis [48,p.448],
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The coordination compounds of ruthenium are almost invariably octahedral.
The increased ligand-field splittings in the second (and third) transition
series elements causes ruthenium to be spin-paired. Complexes of
ruthenium (il) are diamagnetic which is consistent with the presence of
a t„ configuration. Complexes of ruthenium (ill), (iv) and (v) contain
5 4 3the electronic configurations t2 , t^ and t^ respectively and their
magnetic moments are in fairly good agreement with the spin-only values 
expected for one, two and three unpaired electrons respectively. An 
important exception to this is the ruthenium (iv) compound K^CRu^OCI^q], 
originally reported as K2 [Ru(0H)C1^]. This compound has been shown 
to be diamagnetic [49] and this has been explained by a molecular orbital 
treatment [50] of the linear Ru-O-Ru group shown to be present by X-ray 
analysis [5l]. Recently it has been suggested that two oxo-bridges are 
present in the cation of the ammine complex ruthenium red [52].
Ruthenium (VTIl) is known in the tetroxide RuO^. Ruthenium (Vi) 
and (ill) are known in the tetrahedral anions ruthenate and perruthenate 
respectively. Their reactions have been studied in detail [53]• Other
compounds of ruthenium (vi)are the binary fluoride RuF^[54] and the
oxyfluoride RuOF^ [55]. Oxidation state (v) is rare for ruthenium but 
is known in the pentafluoride RuFj_, which has recently been shown to be 
tetrameric [55]. Both ruthenium tetrafluoride RuF^ [56] and trifluoride
[57] have recently been prepared from the pentafluoride.
-16-
From the preceding review it is obvious that several aspects 
of ruthenium chemistry have attracted considerable attention. The scope 
of the more recent work has been indicated. At the same time, 
there are still a number of aspects which merit further investigation.
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P A R T  II 
OBJECT OP WORK
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In the preceding outline of ruthenium chemistry attention was drawn 
to the large number of nitrosyl compounds. It is convenient to regard 
the nitrosyl group as HO and, as a result of this convention, the formal 
oxidation state of ruthenium in nearly all of these compounds is (il).
A notable exception, however, is in the nitrosyl dihalides Ru (N0)X2 
(X = Br or i) where the unusual oxidation state (i) is exhibited. Their 
preparation was reported by Manchot and Schmid in 1933 [58] but since 
then no further work has been published.
The unusual constitution of these compounds prompted a reinvestigation 
into their preparation and properties. As a matter of convenience, the 
investigation has been confined to the more readily available ruthenium 
nitrosyl di-iodide.
The original publication contains few details of the properties of 
ruthenium nitrosyl di-iodide and it was considered that an investigation 
into its reactions with ligands such as pyridine, bipyridyl etc., would 
be of interest. It was hoped that by using conditions similar to those 
used by Irving [l6] and Hieber and Heusinger [l7] to prepare complexes 
from ruthenium dicarbonyl di-iodide, it would be possible to prepare a 
series of nitrosyl complexes which would provide some insight into the 
oxidation state (i) for ruthenium.
The preparation of ruthenium nitrosyl di-iodide involved pessing nitric oxide 
over heated ruthenium dicarbonyl di-iodide. The latter was prepared by 
passing carbon monoxide over heated ruthenium tri-iodide, according to 
the method of Manchot and Konig [15]. Ruthenium tri-iodide was
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precipitated from aqueous solutions of commercial ruthenium chloride, 
the starting material, by addition of an excess of potassium iodide.
It was observed that precipitation was not quantitative and* furthermore, 
that iodine was liberated. These observations show that the reaction is 
not the simple double decomposition:-
RuClj + 3KI ___> Rul^4f 3KC1
It was decided to study this reaction in some detail and to investigate 
the nature of ruthenium tri-iodide, since the literature relating to this 
compound contains certain inconsistencies concerned with its composition 
and ease of oxidation [59;60;6l]1>
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P A R T  III
EXPERIMENTAL TECHNIQUES
1. ANALYSIS
(a.) Analysis of Nitrosyl Compounds 
Ruthenium
Ruthenium was determined by reduction of the compounds to ruthenium 
metal in a stream of hydrogen at about 900°. For the analysis of these 
compounds a micro technique was adopted.
The compound was finely ground and weighed into a micro-combustion 
boat, sufficient being taken to give a final residue weighing 5 to 10 mg*
The boat was placed in a horizontal quartz tube, 20 cm. long x 1 cm. diameter. 
Hydrogen was passed through the tube. After 10 minutes the boat was heated 
gently and, as decomposition proceeded, the temperature was raised slowly; 
finally, the boat was maintained at red heat for 10 minutes. The boat 
was then allowed to cool in the stream of hydrogen and reweighed.
Results obtained by this method were generally found to be reliable. 
Exceptions to this were with compounds which contained phosphorus, arsenic 
and antimony. In these cases, the residue probably contains phosphides, 
etc. of uncertain and variable composition.
Carbon. Hydrogen. Nitrogen. Sulphur, and Iodine
Microanalyses for these elements were carried out by Dr. Alfred 
Bernhardt, Mikroanalytiaches Lab., Max Planck Institut, Mulheim (Ruhr), 
Kaiser-Wilhelm Platz, 1. The reliability of these analyses generally 
seemed satisfactory.
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The microanalyses also included the weight of the residue from 
carbon and hydrogen analysis# A1though this should be ruthenium dioxide, 
it3 exact nature is not always certain, particularly in the case of com­
pounds containing phosphorus, arsenic and antimony. For this reason, 
the percentage of ruthenium cannot be calculated from the weight of this 
residue#
(b) .Analysis of Ruthenium Chloride and Ruthenium Tri-Iodide 
Ruthenium
Ruthenium was again determined as metal but a macro technique was 
used, Suffi cient compound was taken to give a final residue of about 
0.13 g. Reduction was carried out in a fused silica crucible fitted with 
a lid with a hole in the middle through which hydrogen was passed via a 
silica tube.
Results were very reliable provided that the crucibles were not 
used for more than about six reductions. After this the crucibles rapidly 
became worn and splintered during heating.
Chloride and Iodide
Chloride and iodide were determined as the silver salts. Ruthenium 
interfered and was therefore removed as the insoluble hydrated ruthenium 
oxide. This was precipitated from ruthenium chloride by boiling with 
sodium hydroxide solution, or from insoluble ruthenium tri-iodide by fusing 
with sodium hydroxide. In the latter case, this procedure also served 
to obtain the iodide in solution.
-23-
Ruthenium chloride was weighed into a beaker, sufficient being 
taken to give about 0.1 g. silver chloride. It was boiled with sodium 
hydroxide solution until all the ruthenium was precipitated and the super­
natant solution was colourless. The solution was decanted through a 
filter-paper and finally the precipitate was added. The beaker and pre­
cipitate were washed with hot water and the washings added to the filtrate. 
The final washings were tested for the absence of chloride ion. The 
filtrate was made just acid with dilute nitric acid and chloride determined 
gravimetric ally as silver chloride.
Ruthenium tri-iodide was weighed into a nickel crucible, sufficient 
being taken to give about 0.1 g, silver iodide. The ruthenium tri-iodide 
was covered with finely ground sodium hydroxide. The crucible m s  heated 
very gently and the temperature raised slowly until the sodium hydroxide 
melted. This temperature was maintained for 13 minutes and the crucible 
then allowed to cool. The crucible was placed in a beaker and covered 
with water which was then boiled gently for 10 minutes. After cooling, 
the crucible was withdrawn and washed with hot water, the washings being 
returned to the beaker. The solution in the beaker was often coloured 
orange due to the presence of sodium ruthenate. A few drops of alcohol 
were added^when necessary^to reduce this to hydrated oxide leaving a colour­
less solution. The contents of the beaker were filtered, the precipitate 
washed with hot water and the washings added to the filtrate. The final 
washings were tested for the absence of iodide ion. Iodide in the filtrate 
was determined as silver iodide.
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(°) Other Analyses. Ruthenium in Chloride Solutions and Free Iodine 
Ruthenium in Chloride Solutions
Analysis for ruthenium in solution necessitated quantitatively pre­
cipitating the ruthenium as a compound suitable for reduction to the metal» 
Precipitation as the hydrated oxide by boiling with alkali is not suitable 
for quantitative analysis. The precipitate seems to contain alkali which 
is difficult, if not impossible, to remove by washing and this leads to high 
results. Precipitation as ruthenium sulphide was found to give reliable 
re suits [6 2, pe.333] «
An aliquot of the solution was boiled with an excess of ammonium 
polysulphide and ammonia for 15 minutes. The mixture was allowed to cool, 
acidified with dilute hydrochloric acid and boiled until the precipitate 
of ruthenium sulphide and sulphur was completely coagulated, leaving a 
colourless supernatant solution. The solution was decanted through a filter- 
paper (Whatman No.5b0) and the precipitate added and washed with hot water*
The filter-paper and precipitate were transferred to a weighed silica 
crucible. The crucible was warmed gently and as the filter-paper and pre­
cipitate dried the temperature was raised slowly until eventually the paper 
was incinerated. The crucible was then fitted with a lid "with a hole in 
the middle and the ruthenium reduced to metal.
Free Iodine
Free iodine was determined by titrating with sodium thiosulphate 
solution previously standardised with potassium iodate.
-25-
The reactions that were studied involved addition of an excess of iodide 
ion to solutions of both ruthenium chloride and ruthenium tetroxide. Free 
iodine was produced together with a fine black precipitate of ruthenium 
tri-iodide. It was found that with ruthenium chloride only part of the 
ruthenium was precipitated. The solution that remained after the preci­
pitate was filtered off was an intense black colour, even after titrating 
the free iodine. This made the detection of the end-point difficult.
Only if the concentration of ruthenium in solution was small could starch 
be used. This was achieved either by using small quantities of ruthenium 
chloride or, when this was not possible, by tailing a small aliquot of the 
solution and diluting it considerably.
The use of an organic liquid to detect the presence of free iodine 
was investigated and found to be unsuitable because a precipitate collected 
at the liquid interface and obscured the colour.
A potentiometric method for determining the end-point was found to 
be reasonably satisfactory. It removed the necessity of filtering off 
the precipitate and taking aliquots of the solution. The indicator 
electrode was a platinum wire and a calomel electrode was used as a 
reference. The e.m.f. was measured using a Cambridge pH meter. Better 
results were obtained when the calomel electrode dipped directly into the 
solution containing the free iodine than when connected via a salt bridge. 
The readings at the end-point were not entirely steady, due in part to 
continued liberation of iodine and in part to deposition on the electrode.
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Determination of the free iodine liberated when iodide ion was 
added to ruthenium tetroxide was simplified because all the ruthenium 
was precipitated. The precipitate could be filtered off, and the 
iodine in the filtrate determined by using starch as indicator* Deter­
mination of the iodine in the presence of the precipitate, hoYfever, 
necessitated the use of the potentiometric technique for determining 
the end-point.
-27-
2. CONDUCTIVITY MEASUREMENTS
The molar conductivities of the nitrosyl compounds prepared were 
determined to establish the number of ions present* The compounds were 
insoluble in water but sufficiently soluble for measurements to be made 
in nitrobenzene.
The molar conductivities of different types of electrolytes in 
nitrobenzene have been determined [63*64] are listed in the table. 
Ion pair formation is undoubtedly important in solvents such as nitro­
benzene but conductivity experiments can still be useful.
Molar Conductivities in Nitrobenzene Solution Jli) at 25°
1 : 1 electrolytes 20 to 30 ohm ^
2 : 1 electrolytes 40 to 60 ohm ^
. -1 
non-electrolytes 0.6 to 2o8 ohm
-310 M solutions in nitrobenzene were used. Measurements were 
made at 23°, using a dip-type cell with parallel plate electrodes of 
platinum black on platinum. Resistances were measured using a Mullard 
Measuring Apparatus, Type GM 4140/1 with a magic eye balance indicator. 
The cell constant was determined using 0.1N potassium chloride solution* 
Nitrobenzene and potassium chloride were AnalaR reagents.
The specific conductance (k ) of the solute was calculated;**
-28-
/I 1 *
,E1 E2*
C = cell constant 
R^ = resistance of solution 
= resistance of solvent
The molar conductivity (A  was then calculated
A  1000K 
M = m
-1 -3m = concentration, moles 1 =10
The conductiw.ties of aqueous ruthenium chloride solutions were
measured using the same apparatus. The water was de-ionised and had
6
a resistance of about 0.6 x 10 ohm.
Conductivities of a large number of electrolytes in water have 
been listed [ 65,p<7.3045] 9
-29”
3 . IN FM -R E D  spectro sco py
Infra-red spectra were recorded using a Crubb Parsons Infra-Red 
Spectrophotometer, Model G-.S.2A,
This is a double beam instrument and is fitted with a grating and 
two foreprisms. It covers the range 5000 to 400 cm.'*' in four orders of
reflection, The foreprisms are made of calcium fluoride (5000 to
—1 —1
2000 cm. ) and potassium bromide (2000 to 400 cm. ), The spectrum is
recorded on a chart which is marked by the instrument on a linear wave­
length basis*
The spectra of the nitrosyl compounds prepared were recorded. Both
nujol mulls and solutions of the compounds \iere used. For nujol mulls
potassium bromide plates were used in the range 5000 to 400 cm.'*' but some-
—1times rock salt plates in the range 5000 to 650 cm. . Spectra were re­
corded at the highest scanning rate (lp per minute) and at a chart speed 
of 1 in. per minute. The NO stretching bands, Vvhich ?/ere of
particular interest, were often scanned more slowly.
The spectra of the nitrosyl compounds in chloroform solution
were recorded. Chloroform was used because all the compounds were 
sufficiently soluble in this solvent. The solution was contained in a 
cell with an 0.1 mm. fixed path length and rock salt windows. A similar 
cell containing solvent was placed in the reference beam. The NO
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stretching bands were generally sufficiently sharp to warrant scanning 
at much slower speeds than when using nujol mulls. Chloroform was 
Spectrosol grade.
The spectra of all other compounds were recorded for nujol mulls. 
The instrument was calibrated using a polystyrene film.
4. MAGNETIC SUSCEPTIBILITY MEASUREMENTS
Magnetic susceptibilities were measured by the Gouy Method 
[48,pci: 09].
Two balances were used. One incorporated an electromagnet and 
the other a permanent magnet. The latter was a relatively simple piece 
of apparatus [66] and specimens could only be examined in air at room 
temperature. The Gouy tubes were made of glass and marked to give a 4 cm* 
length of specimen.
The gram susceptibility (xj was calculated >
8
„ _ Kv 4- 3w
S “ W
~6
K = volume susceptibility of air = 0.029 x 10
v = volume of specimen
w = force exerted on the specimen by the field, allowing for the
effect of the field on the glass tube
W = weight of specimen
(3 = constant, involving the dimensions of the specimen and field
strength, obtained by calibrating the tube. Trisethylene- 
diamine nickel thiosulphate was used as calibrant,
X  = 10.82 x 10 ^ at 25° [67]•
8
The molar susceptibility (Xff) was next calculated 1-
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X. ^ X MIvf g
M = molecular vfeight.
The molar susceptibility was corrected for the diamagnetism of 
the ligands either using Pascals constants or by direct measurement.
If the metal ion was paramagnetic, the effective magnetic moment 
(m-) was calculated from the corrected molar susceptibility (x'J •-
n = 2.84 -./x^ F
T =■ temperature, °K 
The apparatus, using the electromagnet, was more elaborate [68]* 
Specimens were examined in an atmosphere of nitrogen and measurements 
could be made at different field strengths to check for irregular packing 
or ferromagnetic impurities. In addition, measurements could be made 
in the temperature range 90 to 400°K. Perspex G-ouy tubes were used 
which were marked to give a 10 cm. length of specimen.
For a specimen in an atmosphere of nitrogen and a known magnetic 
field, the expression for the gram susceptibility reduces to
X = 9
S WH
1 = length of specimen = 10 cm.
H = field strength
The susceptibiliiLos of compounds In solution were also measured.
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The gram susceptibility of the compound (X ) was calculated from the
§
measured gram susceptibility of the solution C^so^u^ on )•“
X  . , . = X  P + (1 - P)X _ ,solution g solvent
^solvent * susceptibility of the solvent
p _ weight of compound 
“ weight of solution
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5o MOLECT^ M  YflSIG-HT DETMMINATIONS
The molecular weight of only a limited number of the compounds 
prepared could be determined because most of them were not sufficiently 
soluble in suitable solvents.
The Beckmann Cry>scopic Method was used [69,p.92; 70,p,94]*
The molecular weight (M) was calculated from the freezing point depress­
ion obtained from cooling curves for the solution and solventi—
v - - 10Q°fr
TW
K = molal depression constant 
T =■ freezing point depression 
w = weight of compound 
W = weight of solvent
The solvents used were
Benzene (AnalaR grade) f.p. 5.5° K 5*1
Nitrobenzene (AnalaE grade) f.p, 5«7° K 5*9
The East Method was also tried for some compounds but the results 
were often inconsistent, possibly because either the compounds were not 
completely soluble or they decomposed at the melting point of camphor#
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6. THMMOGRAVIMETRIC ANALYSIS
Thermogravimetric analysis was used to study the thermal decom­
position of ruthenium nitrosyl tri-iodide. The theory and technique, 
together with some applications of this method, have recently been 
reviewed [71]•
The Stanton Automatic Recording Thermobalance, Model HT-D was used# 
In this instrument, in which the sample is heated in an electric furnace, 
the temperature can be maintained constant between room temperature and 
1400°, or raised between these limits at varying rates from 1 to 6° 
per minute. Both temperature and weight are simultaneously recorded 
on a chart which can also be run at different speeds. The sample is 
usually heated in air but the furnace can be swept with other gases.
Samples of the compound (0.1 g.) were weighed into a crucible and 
heated from room temperature to $00° at 1° per minute. The results 
were expressed graphically by plotting percentage weight loss against 
temperature#
7. ULTRA-VIOLET AND VISIBLE SPECTROSCOPY
The ultra-violet and visible spectrum of ruthenium chloride was 
measured using a Unicam Ultra-Violet and Visible Spectrophotometer, 
Model SoP.500.
This instrument has a quartz prism and covers the range 200 to 
1000 mja using two light sources, a hydrogen lamp for use below 320 mp 
and a tungsten lamp for above 320 mp* Two photo cells are used, a 
blue sensitive cell for below 625 nip. and a red sensitive cell for above
625 mp*
The spectrum was recorded for ruthenium chloride in aqueous 
solution using quartz 1 £m<> cells*
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P A R T  IV
NITROSYL CHEMISTRY»g-r»TV M tW H — !■ IM I Ml •III' ll ■•JWlifcaa  .XJ
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I, NITRIC OXIDE
Compounds of nitric oxide with metals have attracted considerable 
attention because of their varied constitution and the problems in valency 
that they pose. They have been reviewed by several authors [2,p_«&85£725
73;7
The structure of nitric oxide has been considered in terms of both
valence bond theory and molecular orbital theory, Pauling [75?p,266] has
represented the molecule as a resonance hybrid of the forms
— +
• • • • • •
*BT == 0 1 4— > :N —  0:
(i) (ii)
Although structure (ii) is less favoured than (i) because of the unfavourable 
charge distribution, the difference is sufficiently small to permit reson­
ance between them, giving the three electron bond structure :N == Ns.
The molecule has a small dipole moment, 0.16D [76], because accumu­
lation of negative charge on the oxygen in form (i) offsets the charge 
distribution in the other form. From the difference between the electro­
negativities of oxygen and nitrogen it would be expected that the sign of
+ —
the dipole would be N - 0, but calculations by Brion, Moser and Yamazaki 
[77] have predicted it to be the reverse. The same effect was predicted 
by Sahni [78] for carbon monoxide and ?iras later confirmed by experiment [79],
The N - 0 bond length is consistent with a bond multiplicity
o
between two and three. The experimental value is 1.14A which is between
o o
1.18A and 1.06A for double and triple bonds respectively [75<,p*2b7]* 
Calculations based on electron-"spin data show that form (i) contributes 
about 65% to the final structure and that the odd electron occupies a 
2 p7T type orbital [80]o
In molecular orbital notation nitric oxide is described
2 2 2 lx*
[KK(zir) (y<r) (xo) "(wr) (vw)] [81,pnlOo]0 The three electron bond is
represented by one filled w  bonding orbital and the singly occupied
(v7r) antibonding orbitalc On account of this single electron, the
molecule is paramagnetic, but unlike most free radicals, it shows
little tendency to dimerise0
The presence of an electron in the antibonding orbital reduces
the effective N - 0 bond order to 2.5 and leads to a low ionisation
potential. The experimental value is 9o5 e.T,v*[ 82] which is appreciably
lower than for either oxygen or nitrogen. The increase in bond
strength associated with the loss of this elecbron is shown in the
-1increase in the NO stretching frequency from 1878 cm. in free nitric 
oxide [83] to about 2300 cm.'*' in the nitrosonium ion (NO*) [8A;85].
2o CQORPINATION OF NITRIC OXIDE
Nitric oxide forms a number of simple compounds; such as the 
nitrosyl halides and the nitrosonium salts. In addition; there are 
numerous compounds in •which nitric oxide is directly associated with a 
transition metal ion. These compounds are often collectively referred to 
as nitrosylsa
In these coordination compounds nitric oxide is bonded to the metal 
ion through the nitrogen atom. This has been shown experimentally by 
the fact that reduction of the nitric oxide ligand gives an ammine complex, 
whilst oxidation gives a nitro complex. However, recent spectroscopic 
studies suggest that coordination through the oxygen may sometimes occur[86].
Coordination of nitric oxide can be envisaged in three main ways
+
(1) Coordination of the nitrosonium ion M NO
(2) Coordination of the neutral molecule M -£— - NO
(3) Coordination of the nitrosyl ion M — NO
The majority of nitrosyl complexes can be classified formally as being 
of the first type.
Coordination of the nitrosonium ion can be considered formally as 
involving donation of three electrons to the metal. This means that the
formal oxidation state of the metal is reduced by one. The nitrosonium 
ion is isoelectronic with carbon monoxide and the cyanide ion, and the varia­
tion in the charge on a complex when the nitrosonium ion is replaced by
•ti­
thes© ligands is illustrated in the series
K2[Fe(CH)5N0] K [Fe(CE) CO] K [Fs(CN)g],
The alternative effect in which there is a change in the metal to com­
pensate for a change in the ligand is shown the ’pseudo-nickel’ carbonyl 
series ;-
Ni(C0)4 Co(N0)(C0)^ Fe(N0)2(C0)2 Mn(NO) (CO).
In all these compounds the metal assumes the effective atomic number of 
the next inert gas krypton.
The convention that nitric oxide coordinates as the nitrosonium ion 
is useful for establishing the formal oxidation state of the metal. How­
ever, it gives no clear* indication of the nature of the bonding involved. 
Attempts to account for the coordination of nitric oxide to a metal ion 
have been made in terms of both valence bond theory and molecular orbital 
theory.
Formal coordination of the nitrosonium ion can be considered in one 
of two ways. In the first, the odd electron from the nitric oxide is 
considered to be donated to the metal ion and this is then followed by co­
ordination of the nitrosonium ion. In the second way, two electrons are 
transferred to the metal ion and then the odd electron from the nitric 
oxide is considered to pair with an unpaired electron from the metal to form 
a 7T bond. The actual bond structure is represented as a resonance hybrid 
between the canonical forms s-
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M N S 0 M = N = 0
(iii) (iv)
The contribution of (iv) to the final structure represents the extent of 
ir bonding*
A molecular orbital interpretation of the bonding between nitric 
oxide and a metal has been described by G-ray, Bernal and Billig [87] in 
connection with a molecular orbital energy leyel scheme for nitrosyl com­
plexes of the type Bu(N0)L^ (L = ligand). The bonding is ascribed to 
a <y~ bond formed between the N2s orbital and the nd o metal orbital
and to two w  bonds formed between the NO 2p and'2p antibonding orbitals
•*>- y
and the suitably orientated nd and nd metal orbitals. The same scheme J xz yz
is applicable to the coordination of carbon monoxide to a metal.
The orbital on the nitrogen atom used to form the cr bond with the 
metal probably has some p character. Certainly, this is the case with 
carbon monoxide, v/here the ex bond is formed from an orbital on the 
carbon atom which is almost entirely an sp hybrid [88], In keeping with 
this the metal - C - 0 group is linear. However, structural studies have 
shown that the metal - N - 0 group is not always linear. At present there 
is not sufficient data available to establish whether or not this departure 
from linearity is general.
Microwave studies have shown that the metal - N - 0 group is linear 
in C^H^Ni(NO) [89], Recent structural studies [90] have shown the same
to be true in K^Ru^NC^Clj.] • However, in Roussin’s black salt
K[Fe,S (NO) ] and the ethyl ester of the red salt [FeSCoH_(N0) ] there 
m- j ( 2 b 2 2
is some deviation from linearity, particularly in the red salt where the 
metal - N — 0 bond angle is 167° [91]» The deviation is more marked in 
the ruthenium nitrosyls [Ru (N0)(0H)(NIL ). ]Cl?and (NH ) [R.u(N0)(0H)Cl. ]
J 4- c 4-2 q.
where the bond angles are about 150° [92] and 153° [93] respectively*
2
These deviations may imply some approximation to sp hybridisation of 
the nitrogen. An even greater deviation from linearity is found in the 
cobalt nitrosyl [Co(NO) { S2CN(CH^)2} where the bond angle is about 
139° [ 9^ -] c It has been suggested that in this compound the bonding may 
be olefinic in character involving the w  bonding orbitals of nitric 
oxide.
7r bonding between the metal and nitric oxide ligand involves 
transference of charge from filled d orbitals on the metal towards the 
ligand. An important effect of this charge transference is to strengthen 
the cr bond by removing an unfavourable charge distribution. Improved 
bonding will in turn permit of more extensive 7r bonding. This type 
of interaction has been termed ’synergic* and is probably an important 
part of the bond strength. Certainly, 7r bonding is extremely important, 
as is demonstrated by the inability of nitric oxide to coordinate with 
metals which do not have electrons in suitable d orbitals, e.g. non~ 
transition metals*
Experimental support for the presence of 1r bonding comes from bond 
length data [95] and infra-red spectroscopy. The interpretation of the 
former is rather doubtful since it is difficult to be certain what the 
metal - NO bond would be if no tt bonding occurred. Nevertheless, observed
metal - NO bond lengths, which are shorter than the sum of the single bond
lengths, and N - 0 bond lengths, which lie between those expected for 
double and triple bonds, are consistent with the presence of tt bonding and 
can be interpreted in terms of resonance hybrid structures involving 
the forms (x!i) and (iv) already mentioned,
NO stretching frequencies have provided reliable evidence for tt 
bonding in metal nitrosyl complexes. If nitric oxi.de is coordinated as 
the nitrosonium ion the NO stretching frequency would be expected to 
approach 2300 cm.^ which is the frequency found in the nitrosonium salts 
[85]. However, the observed frequencies are less than this and often 
considerably so. This is readily explained in terms of tt bonding, since 
transfer of charge from the metal to the antibonding w orbitals of the 
ligand will lower the NO bond order below that in the nitrosonium ion0 
It is not possible to obtain a direct measure of the extent of tr bonding
since it is not possible to separate the effects of tx  and tt bonding on
the NO stretching frequency,
Nitrosyl complexes involving neutral nitric oxide are rare. Such 
complexes will be paramagnetic since there will be an unpaired electron
on the nitric oxide. Although the ions [ Cr(CN)^N0]^”, [ Mn(CN),-N0]2~ 
and [Fe(CN)5N0]3~ are paramagnetic with one unpaired electron, it seems 
more realistic to suppose that the unpaired electron is located on the 
metal with the formal coordination of the nitrosonium ion. In keeping 
with this, electron-spin resonance studies of the chromium ion show that 
the unpaired electron is located in a orbital for most of the time [96]. 
In contrast, studies of the nitric oxide complex with haemoglobin show 
that the unpaired electron remains on the nitric oxide [ 97] . This is 
one of the few compounds that apparently contain coordinated neutral 
nitric oxide.
r 3*“An electron-spin resonance study of the ion [Pe(CN)^N0] by 
Bernal and Hocking [98] has shown that the odd electron is delocalised 
between the iron and the nitric oxide ligand. They have suggested that 
this ion, and the similar chromium ion, should be considered as molecular 
species, with the electrons delocalised to different extents, rather 
than as containing charged ligands. This implies that the charge dis­
tribution varies between the two extremes, in which the odd electron is 
formally considered to be located either on the metal with coordination
of the nitrosonium ion, or on the ligand with coordination of neutral 
nitric oxide.
Both magnetic susceptibility measurements and infra-red spectros­
copy have provided useful techniques for investigating the nature of
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boncLing in nitrosyl complexes. The former has been used extensively 
to fix the formal oxidation state of the metal ion. An illustration 
of its use is provided in the case of the complex K2[Fe(CN) ,-NO], This 
complex is diamagnetic, which is consistent with the presence of iron(ll) 
with a tg configuration. This implies that the nitric oxide is co­
ordinated formally as the nitrosonium ion. If the complex contained 
either coordinated neutral nitric oxide or nitrosyl ion, it would be 
paramagnetic with two unpaired electrons in each case. Although magnetic 
susceptibility measurements have been used widely in this way, in some 
cases, the distinction is not altogether clear [73]* The majority of 
nitrosyl complexes are diamagnetic and a number are dimeric. Examples 
of the latter are the cobalt nitrosyl halides [Co(N0)2X]2 (X = Clj Br or I) 
and the iron nitrosyls [Fe(N0)2X]2(X = Clp I or S.C^H^), In the case 
of the iron nitrosyls the observed diamagnetism is explained in terms of 
a metal-metal bond [99]»
Infra-red spectroscopy has been used extensively in the study 
of nitrosyl complexes. Some mention has already been made of its use 
in connection with back bonding from the metal to the nitric oxide 
ligand. The table contains a representative survey of NO stretching 
frequencies.
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NO Stretching Frequencies in Nitrosyl Complexes
Compound NO stretch
ITmrl "
State Reference
k 2[Fs (c n )5n o] 1937 mull [100]
KjRu(CN) NO]
2 3 1930 mull [100]
K2[Fe(N0)Cl5] 1903 mull [100]
[r u(n o )(nh3)4c i]ci2 1894 KBr disc [100]
[Ru(N0)(fflL)4Br]Br2 1883 KBr disc [100]
[Mn2(NO)3(C5H5)3] 1732 1310 solution [101]
KJMn(CN) NO] 1730 mull [100]
[Co(NO) { S2CN(CH3)2j2] 1^26 mull [100]
K3[Cr(CN)5N0] 1645 mull [102]
k J v (c n ) NO] 
3 3 1375
mull [103]
K, [Cr(CN) NO]
4 3 1315
mull [102]
k3[c o (c n )5n o] 1120 mull [104]
[c o(nh3)5n o] (no3)2 1043 mull [104]
The nitrosyl complexes with NO stretching frequencies within the 
range 1937 cm.'*'to 1313 cm.^ in the table are classified formally as con- 
taining coordinated nitrosonium ion* This follows from the comprehensive 
survey by Lewis, Irving and Wilkinson [100] of the infra-red spectra of com­
plexes involving coordinated nitrosonium ion. The original range was
1938 cm. to 1626 cm. 5 however, complexes have been prepared which, from
magnetic susceptibility measurements, contain coordinated nitrosonium ion
but whose NO stretching frequencies are rather lower than 1626 cmT^. It
is evident that the frequency range must be extended to about 1515 cm.'*' to
include these complexes. The 1510 cm.'*' band in the spectrum of
[Mn_(N0) (C H ) ] has been assigned to bridging nitric oxide,
2 5 5 3 5
The variation in NO frequencies within this range is due to the 
difference in environments of the coordinated nitrosonium ion, in particular 
to varying extents of back bonding from the metal ion. Low NO stretching 
frequencies are due to low NO bond orders and this in turn implies con­
siderable back bonding,
Griffith, LeYri.s and Wilkinson [104-] have reported a small number of 
nitrosyl complexes in which the NO stretching frequencies are about 1200 cm." 
which is considerably lower than that expected for coordinated nitrosonium 
ion. It seems that these complexes contain coordinated nitrosyl ion. As 
mentioned earlier, this is the third way in which nitric oxide can be co­
ordinated to a metal. Certainly, a low NO stretching frequency would be 
expected because the nitrosyl ion is derived from nitric oxide by adding 
an electron to the half filled ir antibonding orbital. It is evident that 
on the basis of NO stretching frequencies it is possible to divide the 
nitrosyl complexes into two distinct groups! those containing coordinated 
nitrosonium ion, which constitute the majority, and those which contain 
coordinated nitrosyl ion.
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5. TNE NITROSYLS OF RUTHENIUM
The nitrosyls of ruthenium have aroused considerable interest not 
only because they are more numerous than for any other metal but also 
because they are remarkably stable.
The ruthenium nitrosyls, with few exceptions, contain the group 
[Ru(NO)](lIl) with only one nitric oxide ligand in the molecule. Furthermore, 
NO stretching frequencies show that the nitric oxide is coordinated formally 
as the nitrosonium ion. The stability of the [Ru(N0]j(lIl) group accounts 
for their large number and this has been illustrated by Addison and 
Lewis [72] in the reactions of K^RuCNO^lp.] with monodentate and bidentate 
ligands. In all cases the [Ru(N0]}(lIl) group is retained in octahedral 
complexes which can be cationic, neutral or anionic.
Ruthenium compounds which are treated with nitric acid at any time 
are likely to contain nitrosyl complexes. The ease with which these 
complexes are formed is shown by their presence in some samples of 
commercial ruthenium chloride [52]. In this case their formation occurs 
in the commercial process by which traces of osmium are removed by boiling 
with nitric acid*
The large number and stability of ruthenium nitrosyls can be correl­
ated with the electronic configuration of ruthenium and its tendency, as 
a second series transition element, to form spin-paired complexes. In
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the group [Ru(N0j!(III) in which the nitric oxide is coordinated as the
nitrosonium ion, one electron is transferred to the ruthenium reducing its
oxidation state to (il). Thus the octahedral nitrosyl complexes contain 
6 . ;
the stable 19 configuration and ruthenium attains the effective atomic
number of the next inert gas xenon. That only one nitrosyl group can be
coordinated to ruthenium, is due to the fact that the presence of more than
one creates an unfavourable electronic configuration.
Although both osmium and iron have an electronic configuration
similar to ruthenium, neither forms many nitrosyl complexes. In the case
of osmium this is probably because the lower oxidation states are on the
whole rather less stable than for ruthenium. The smaller number of iron niixo§ds
reflects the tendency of iron to form spin-free complexes. Octahedral
2
e^ configuration. With ligands
which have fairly large ligand-fields, spin-paired complexes are formed,
Under these conditions, fairly stable nitrosyl complexes, for instance
2“~the nitroprussides [Fe(CN)^NO] , can be formede
One of the few nitrosyls of ruthenium which contain more than one 
nitric oxide ligand in the molecule is the pentanitrosyl Ru(NO)^ reported 
by Manchot and Llanchot [ 11] • In fact this compound is more likely to 
be a tetranitrosyl Ru(NO)^, analogous to iron tetranitrosyl Fe(NO)^.
The structure of the latter has been established by Griffith, Lewis and 
Wilkinson [105] as
iron (ill) complexes contain the t^
Among the nitrosyls of ruthenium which contain only one coordinated 
nitrosonium ion are the nitrosyl trihalides Ru(N0)X^ (X = Cl; Br or I). 
Ruthenium nitrosyl trichloride is one of the most important of these 
nitrosyls# It can be made by evaporating a solution of ruthenium tetroxide 
in hydrochloric acid with an excess of nitric acid, or by treating a solu­
tion of ruthenium chloride in hydrochloric acid with a mixture of nitric 
oxide and nitrogen peroxide [44]. Both ruthenium nitrosyl trichloride 
and the nitrosyl tribromide form pentahydrates# However, ruthenium nitro­
syl tri-iodide which is made by treating ruthenium nitrosyl trichloride 
with hydriodic acid apparently forms no hydrate.
An important group of ruthenium nitrosyls are the nitrosyl ammines.
These are predominantly tetra-amn&nesalthough a few tri-j di-, and mon-
2+
ammines are known. The teira—ammine s have the formula [Ru(NH^ )4(n o )x] "  
where X is commonly an anionic ligand such as hydroxide or halide. Some­
times ammonia is replaced by ethylenediamine.
As mentioned in Part I, nitrito, nitrato, hydroxy and a,juo ruthenium 
nitrosyls which occur in nitric acid solutions of fission product ruthenium,
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have attracted considerable attention in recent years. The system is
extremely complicated and numerous species have been identified. A
series of nitrato aquo ruthenium nitrosyl complexes with the general
formula [Ru(N0XN0y (OH)^ (Hy))^] have been identified [44]. The tri-
nitrato complex [Ru(NOXNOy ^ H y y  has been prepared by boiling ruthenium
nitrosyl hydroxide RuCNOXOHy.H^O, or the complex Na^R^NOXNOy^OH]
with 8M nitric acids The complex K[Ru(N0)(N0^)^ ^as also been
isolated [106], Another series of complexes with the general formula.
[Ru (N0XN0«) (ncO  (oh)* „ (h9°)01 X ^ 1  has been isolated [47]* -Anz x j y x—y z z
interesting complex with the formula has been prepared as an
orange-brown precipitate, by treating ruthenium tetroxide in dry carbon 
tetrachloride with dry nitric oxide containing some nitrogen peroxide.
Its structure is net certain but it probably involves oxo-bridging between 
two ruthenium atoms [44;45]#
The foregoing examples illustrate the very large range of nitrosyls 
of ruthenium, Although iron forms far fewer nitrosyls, 
amongst these are included the unusual Roussin's black and red salts, 
which find no analogues with ruthenium.
As mentioned in Part II, the ruthenium nitrosyl dihalides Ru(N0)X,p 
(X ss Br or i) which have been reported [58] are unusual in that they contain 
ruthenium in oxidation state (l). Ruthenium nitrosyl dibromide is described 
as a dark brown powder and the nitrosyl di-iodide as a black powder. Both 
are insoluble and are decomposed when heated in air. In spite of their un­
usual constitution no further work has been reported since their original
preparation and it is the object of the present work to investigate them 
further.
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P A R T V
RUTHENIUM NITROSYL DI-IODIDE AND ITS REACTIONS
1. THE PREPARATION AND PROPERTIES OF RUTHENIUM NITROSYL DI-IODIDE
The starting material was commercial ruthenium chloride (nitrosyl—
free).
Ruthenium nitrosyl di-iodide v/as prepared according to the method 
reported by Manchot and Schmid [58]<> by heating ruthenium dicarbonyl. 
di-iodide in a stream of nitric oxide. The preparation of the nitrosyl 
from the starting material can be represented schematically
KI CO NO
Commercial ruthenium chloride — Rul — — Ru^O^I^ -'— 7* R u ^ O ) ^
(aqueous solution)
Ruthenium tri-iodide was obtained as a black precipitate by stirring 
a warm solution of commercial ruthenium chloride with an excess of potassium 
iodide for about one hour. The precipitate was filtered off and v/ashed with 
water and then with small quantities of alcohol and ether. The same 
product was also obtained by adding an excess of potassium iodide or hydrio- 
dic acid to ruthenium tetroxide dissolved in dilute hydrochloric acid.
Ruthenium dicarbonyl di-iodide was prepared by heating ruthenium 
tri-iodide in a stream of carbon monoxide at 250° for about 3 hours [15]*
The preparation was straight forward and the product was bright orange-red 
provided that the ruthenium tri-iodide was freshly prepared. With older 
samples of ruthenium tri— iodide the product was much darker, due no doubt 
to the presence of ruthenium dioxide. The compound was characterised by 
its infra-red spectrum.
«*{ -1
CO stretching bands; 2058cm* scad 20dficm, * These frequencies are
~*]L
close to those reported (2050 cm* and 1995 ) [ 16].
Ruthenium dicarbonyl di-iodide (0*5 to 1 g») was weighed into a 
combustion boat which was placed in a pyrex glass combustion tube supported 
in a heating block. The apparatus was flushed with nitrogen for 10 minutes. 
Nitric oxide was then passed through the tube. The tube was heated and 
the temperature raised in. ane hour to 170° when the carbonyl began to darken* 
The temperature was maintained between 170° and 180°far one hour and then 
slowly raised to 230°, by which time the material was almost completely 
black. This temperature vias maintainedfbr fbur hairs after which the boat 
and contents were allov/ed to cool in the stream of nitric oxide. The 
apparatus was flushed with nitrogen and the boat rewTeighed. The infra-red 
spectrum of the product was recorded. If CO stretching bands were evident 
in the spectrum, indicating the presence of unchanged carbonyl, the proce­
dure was repeated. This time the temperature was raised quickly to 170° 
and then more slowly to 230°. This was repeated until the product was 
free from carbonyl* The conversion of carbonyl to nitrosyl was also 
checked by calculating the percentage weight loss (Ru^O^I^
6.3;$ weight loss).
Nitric oxide was prepared by the dropwise addition of ferrous sul­
phate solution, acidified with sulphuric acid, to hot potassium nitrite
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solution. A steady stream of nitric oxide was obtained which was freed 
from traces of nitrogen peroxide and moisture by passing it through pellets 
of sodium hydroxide.
This method of obtaining ruthenium nitrosyl di-iodide is extremely 
tedious. It was found that up to 28 hours heating were necessary to obtain 
a product which, according to the infra-red spectrum, was free from carbonyl. 
In addition, it was found that only small quantities could be prepared at 
any one time. If large amounts ()> 1 g.) of ruthenium dicarbonyl di-iodide 
were used, they usually decomposed suddenly, liberating iodine and appar— 
ently glowing red-hot. The percentage v/eight loss (about 63%) accompanying 
this decomposition was consistent with the formation of ruthenium dioxide 
(Ru^O^Ig 67.6^ weight loss) and the infra-red spectrum of the
product shovjed neither CO nor NO stretching bands. The temperature at 
which decomposition occurred was betv/een 170° and 230°. Decomposition also 
occurred Yjith smaller quantities of carbonyl if the temperature was raised 
too quickly.
It was not found possible to purify either the product, ruthenium 
nitrosyl di-iodide, or ruthenium dicarbonyl di-iodide or ruthenium tri­
iodide, all of v/hich are insoluble. The percentage weight loss (usually 
about 3%) which occurred during the formation of the nitrosyl, was rather 
less than that expected (6.3%) even though the infra-red spectrum shov/ed the 
product to be free from carbonyl. In some of the preparations small 
amounts of iodine were liberated.
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Ruthenium nitrosyl di-iodide prepared in this way is a black, non- 
hygroscopic, amorphous powder. It is almost completely insoluble in all 
common solvents. It is stable in air up to about 260° when it decomposes 
evolving iodine and nitrogen peroxide, leaving a residue of ruthenium 
dioxide. It is unaffected by dilute sulphuric, hydrochloric or nitric acid • 
but is decomposed by warm concentrated sulphuric or nitric acid.
TABLE I*
Preparation 7&u fol l/R\x
1 27.0 63-3 1.9
2 27»l 61.9 1.8
3 25.4 62,6 2.0
4 26.4 62.6 1.9
Ru(N0)l2 requires 26.3^ Ru ; 63.9% I.
Infra-red spectrum
—1 ~1
NO stretching bands s 1847 cm. l666©m» (nujol mull).
The NO bands v^ ere broad and when scanned at slow speeds shoulders were
-1 . -1
apparent at about 1878 cm. and 1863 cm. •
Ruthenium nitrosyl di-iodide was found to be £eebly paramagnetic.
Preparation
TABLE 2 
Temp^ature
« -6
* r x 10 £ m .
1 295 28.3 0.26
2 294 179,2 0.65
3 296 346.3 0.91
4 295 61.1 0.38
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2. REACTIONS WITH LIGANDS
The reactions of ruthenium nitrosyl di-iodide with a number of 
ligands ware studied.
Ruthenium nitrosyl di-iodide was found to dissolve readily in 
hot pyridine and rather less readily in hot acetylacetone and tetra- 
hydrothiophen. Deep red solutions were obtained from which reddish - 
brown solids could be isolated.
Ruthenium nitrosyl di-iodide was treated with the monodentate 
ligands triphenylphosphine, diethylphenylphosphine, tributylphosphine, 
triethylphosphine, triphenylarsine and triphenylstibine and with the 
bidentate ligands bipyridyl and oyphenanth.roline. In each case brown
or reddish-brown products were obtained. Ruthenium nitrosyl di-iodide 
did not react with phosphorus trichloride.
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3. REACTION WITH NITROGEN LI&ANDS
Ruthenium nitrosyl di-iodide (l g) was dissolved in boiling pyridine 
giving a deep red solution, A small amount of undissolved solid Yfas
filtered off and the filtrate cooled. Deep red crystals were deposited
which were filtered off. The filtrate was concentrated and cooled. No 
further solid was deposited and the solution was evaporated to dryness
giving a dark residue. It was not possible to purify this residue.
The product was insoluble in water, carbon tetrachloride, ether, 
cyclohexane, and 60-80° petroleum ether. It was slightly soluble in hot 
alcohol, benzene, chloroform, dimethylformamide and nitrcbanzene giving 
red solutions but it could not be recovered without evaporation to dryness.
5XS
Found: 18.8$ Ru; 22.0$C; 1.9$Hj 7«6$N; 46.9$I
Ru(NO)l2(C5i y 0 2 requires: l8.6$Etu; 22.1$C; 1.9$H; 46.7$I.
The molecular weight was taken as the formula weight, 543* • 
Conductivity
-3Molar conductivity of a 1.0 x 10 M solution in nitrobenzene at 25° s
—1 —10.21 ohm (freshly prepared solution); 0.30 ohm (solution 24 hours old),
—1 —1 —1
NO stretching bands: 1823 cm. and 1784 cm. (nujol mull); 1834cm.
and 1798 cm.^ (chloroform solution).
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The NO stretching band at 1784 cm.^“ was far less intense than 
-1
that at 1823 cm, in the spectrum of the crystalline producto However,
in the spectrum of the residue obtained by evaporation of the mother
liquor,both bands had about the same intensity and in addition a shoulder
—1
appeared at about 1862 cm. •
The spectra showed bands characteristic of the pyridine ligand and 
their frequencies compared favourably with those found in the spectrum of 
the pyridine derivative of ruthenium dicarbonyl di-iodide E.u(C0) •
The compound was feebly paramagnetic, the paramagnetism only becoming 
evident when the diamagnetic corrections for the ligands were considered.
It was considered that because the compound was pure an investiga­
tion into the temperature dependence of its paramagnetism was justified.
TABLE
Temperature
T.°K
±
T2 X ’M ,x 10-6 10*3
hi
u
B.M.
107.0 10.34 178.6 5.60 0.39
133.0 11.53 175.0 5.71 0.43
170.0 13.04 162.7 6.14 0.47
204.0 14.28 151.7 6.59 0.50
234.0 15.30 154.2 6.48 0.54
266.5 16.33 157.9 6.33 0.58
297.5 17.25 142.0 7.04 0.58
313.0 17.69 153.0 6.54 0.62
324.5 18.01 145.6 6.87 0.62
349.0 18.68 161.5 6.19 0.67
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TEMPERATURE DEPENDENCE OF PARAMAGNETISM  
Pyridine derivative of ruthenium nitrosyl di* iodide
J"
2 '
300100 200 400
TEMPERATURE
\  0 7-
0.4~
0 3-
-62-
0>) 3.2* -Bip.yri dy 1
Ruthenium nitrosyl di-iodide (0,33 g*) was heated with bipyridyl 
(0.29 g.) in benzene (5 ml.) for 40 hours at 120° in a Carius tube. The 
contents were filtered and a brown solid was obtained. The solid was 
washed with hot benzene and finally with ether. It was not found possible 
to further purify the product.
The product was almost completely insoluble in water, carbon tetra­
chloride, ether, cyclohexane, and 60-80° petroleum ether. It was only 
slightly soluble in hot alcohol* benzene, dimethylformamide, methanol* 
and nitrobenzene.
Round: 19.C$Ru; 21*5$C; 1.6^Hj 7*7^1*
Ru(N0)l^10HQN^ requires l8.7^Ru; 22.2fcC; 1.5$H; 7*8$N.
The molecular weight was taken as the formula weight, 341*1 
Conductivity
Molar conductivity of a 1.0 x 10 M solution in nitrobenzene at 
25° : 3*8 ohm""1.
Infra-red spectrum
NO stretching bands: 1848era, 1 ondl795Gin«^shoulder) (nujol mull);
—1 —1
1871 cm. (chloroform solution); 1872 cm. (dimethylformamide solution).
The spectrum also showed bands characteristic of the bipyridyl 
ligand and their frequencies were in close agreement with those found in
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the bipyridyl derivative of ruthenium dicarbonyl di-iodide 
Ru (C0)2I2 bipy.
Magnetic susceptibility
r —6The compound was feebly paramagnetic 2^ = 304.2 x 10 ,
jj. = 0*84 B.M. (293°K).
(c) 1,10-Phenanthroline
Ruthenium nitrosyl di-iodide was refluxed with £-phenanthroline 
monohydrate in alcohol for three hours. A deep red solution was obtained 
which was concentrated and cooled. A dark red solid was deposited and 
•was filtered off.
The infra-red spectrum of this solid showed the presence of bands 
characteristic of the ligand but NO stretching bands were not present#
It was not possible to identify the product but it appeared to be a 
mixture of high molecular weight compounds which were non-conducting in 
nitrobenzene#
Ruthenium nitrosyl di-iodide (0.56 g.) was heated with triphenyl— 
phosphine (l.30 g.) in benzene (7 ml.) for 21 hours at 120° in a Carius 
tube. The tube was opened and the contents filtered giving a yellow solid 
and a red filtrate. The yellow solid was washed with benzene and ether 
giving a dark brown powder. The infra-red spectrum showed this to con­
tain mainly unchanged ruthenium nitrosyl di-iodide. The red filtrate 
was concentrated and cooled. A dark yellovfish-brown solid was obtained which 
was filtered off and washed with a small quantity of ether. It was not 
found possible to further purify this product.
It was almost completely insoluble in water, alcohol, carbon tetra­
chloride, ether, cyclohexane, methanol, and 60-80° petroleum ether. It 
was slightly soluble in benzene4 chloroform, dimethylformamide, nitrobenzene, 
and toluene giving red solutions.
The analytical figures for this product were 52.2^C; 3 * 1 1«8$N,
which do not correspond to any reasonable formula. The figures expected 
for the formula Ru(N0)lo i"(C,H_)_P i , which is analogous to the formula
2 L o p $ 2
of the pyridine complex,are 47*5%C| 3*3^H> 1,5$N*
For the purpose of conductivity measurements and calculating mole—
cuLar susceptibilities the molar weight was assumed to be the formula, 
weight of Ru(N0)l2 [(C^H^Pj 909.
Molar conductivity of a 1.0 x 10 solution in nitrobenzene at
—1 —1
25°: 0.41 ohm (freshly prepared solution); 0.70 ohm (solution 24
hours old).
Infra-red spectrum
—1 —1 —1
NO stretching bands: 1859 cm. and 1764 cm, (nujol mull); 1862 cm.
and X783 cm,"*" (chloroform solution).
In this spectrum the band at 1859 cm."*" was less intense than the 
band at 1764 cm.'*'. In the spectra of other specimens, however, the re­
lative intensities were reversed. The spectrum also showed bands character­
istic of the ligand and their frequencies were close to those found in the 
spectrum of the triphenylphosphine derivative of ruthenium dicarbonyl 
di-iodide RuCCO^Ig
The substance was feebly paramagnetic, = 3H#8 x 10
p = 0.86 B.M. ( 293°K).
In an atmosphere of oxygen-free nitrogen a phial containing di- 
ethylphenylphosphine was opened and the contents added to ruthenium nitrosyl 
di-iodide under benzene. Still in an atmosphere of nitrogen, the mixture 
was warmed giving a deep red solution, and finally evaporated giving a
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dark red gum. This was extracted with hot 60-80° petroleum ether and 
the solution filtered. The orange-yellow filtrate was allov/ed to evaporate 
at room temperature. A damp red solid was obtained.
The product could not be recrystallised^or precipitated from solution 
by adding suitable liquids. If benzene solutions were evaporated to dryness, 
gums were always obtained which decomposed on further heating to give an 
insoluble black residue# The red product was not as soluble in cyclo- 
hexane, 60-80° and 100-120° petroleum ethers as in benzene and better 
samples were obtained when solutions in these solvents were allowed to 
evaporate at room temperature. Even so gums were often obtained. If 
the gums were Trashed with a large number of small portions of ether, a 
better product Y/as often obtained. However, the product itself was fairly 
soluble in ether and washings had to be collected and allowed to evaporate. 
Analysis
Analysis of as dry a sample as could be obtained gave37*9/&Jj 
5o0^H, 1.73^ *  The analytical figures required for the formula 
Ru(N0)l^ [(C2h^ 2^ 6^ 5)^anaTc,Sous to the formula of the pyridine complex are 
33»5f&i 4.2$H; 2 . 0 The experimental figures are consistent with a 
product with this formula which is contaminated with ligand.
Infra-red spectrum
-1 —1
NO stretching band: I838 cm. (nujol mull); 1861 cm. (chloroform
solution).
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Molecular weight
The molecular weights of two samples were determined using the 
Beckman Cryoscopic methods 510 (nitrobenzene as solvent); 517 (benzene 
as solvent). The molecular weight expected for the formula 
Eu(N0)I2 [(C2H5)2(C6H5)P] 2 is 717.
(c) Tri^n”butylphosphine
An attempt was made to prepare a tributylphosphine derivative using 
the same method as in the previous experiment. Again an intractable gum 
was obtained. Attempts were made to separate a pure product from this by 
chromatographic techniques, using an alumina column. Bark red products 
were obtained which were extremely damp.
Analysis of the dark red products did not correspond to any reasonable 
formula. The carbon and hydrogen figures were consistent with the ligand 
but were low in comparison with that required by the formula 
Ru (N0)I2 i(C^Hg)3P] 2.
""1 *“1
NO stretching band: 1828 cm. (nujol mull); 1835 cm. (chloroform
solution).
An attempt was made to prepare a derivative with this ligand us*- 
img the method described in the previous two experiments. An intractable
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damp solid was obtained* Although analysis gave no idea of its 
composition the infra-red spectrum showed the presence of the nitric 
oxide ligand.
Infra-red spectrum
NO stretching band : 1828 cm,'*' (nujol mull); 1836 cm,"** (chloro­
form solution).
Ruthenium nitrosyl di-iodide (0,58 g«) was heated with triphenyl- 
arsine (0,92 g.) in "benzene (6 ml,) for 21 hours at 120° in a Carius tube. 
The tube was opened and the contents filtered, A deep red filtrate was 
obtained together with a dark yellow solid. The solid was extracted with 
hot benzene and the solution added to the filtrate. The filtrate was 
concentrated and 60-80° petroleum ether added. A yellowish-brown solid 
was precipitated. This was filtered off and v/ashed with' 60-80° petroleum 
ether. It was not found possible to recrystallise the product which was 
impure. Some of the specimens obtained were very dark in colour.
The yellowish-brown product was almost completely insoluble in 
water, alcohol, carbon tetrachloride, ether, cyclohexane, methanol, and 
60-80° petroleum ether. It was slightly soluble in benzene, chloroform, 
dimethylformamide and nitrobenzene.
The analytical figures for the product did not correspond closely 
to any reasonable formula and clearly demonstrated that the product was 
not pure. The carbonjhydrogen ratio corresponded to that required for 
triphenylarsine but the actual figures were lov/er than those required for 
the formula Ru(N0)l2[(CgH )yis]g analogous to the formula of the pyridine 
complex. The presence of ruthenium dioxide may account for these
-70-
exp erimental fi gures« 
?um
NO stretching band : 1822 cm. (nujol mull); 1835 cm. (chloro­
form solution).
The spectrum showed only the one rather broad NO stretching band 
together with poorly defined bands due to the ligand.
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6. REACTION WITH ANTIMONY LIGANDS, TRIPHENYLSTIBINE
In an attempt to prepare a triphenylstibine complex the same method 
was used as in the previous experiment. A yellowish-brown product 
was obtained which could not be reorystallised.
Analysis
The analytical figures for this product were 2.1/tN
which do not correspond to any reasonable formula,, The figures expected
for the formula Ru(N0)l [ (C-H ) Sb] which is analogous to the formula
^ ^ 3 J)
of the pyridine complex^ are 39*6^0; 2„ SfoE; 1.3/^ N.
Infra-red spectrum
—1 —1
NO stretching band; 1823 cm.' (nujol mull); I838 cm. (chloroform
solution).
The spectrum showed only the one rather broad NO stretching band. 
Bands due to the ligand were also present but these were rather poorly de­
fined. The spectrum was similar to that of the triphenylarsine product.
a REACTION WITH OXYGEN LIG-ANDS. ACETYLACETONE
Ruthenium nitrosyl di-iodide (l g.) was dissolved in hot acetyl- 
acetone (10 ml.) giving a deep red solution, which was filtered to remove
any undissolved solid. The filtrate was concentrated under reduced pressure 
and finally cooled. A dark red solid was deposited which was filtered off. 
It was not found possible to further purify the product.
The product was insoluble in water, and slightly soluble in alcohol, 
ether, cyclohexane, methanol and 60-80° petroleum ether, giving yellow or 
orange solutions. It was soluble in benzene, chloroform, dimethylforma­
mide, nitrobenzene and toluene, giving deep red solutions.
.Analysis
52.0olm The difference between the expected analyses and those found re­
flects the impurity of the product.
Found: 20.6^Ru; 14.2$D; 1.6$ff; 3.1$®; 50. C$1.
The most reasonable formula corresponding to these analytical
figures is Ru(N0)l2(C,JL,02) which requires 20.t$Ru; 12.4$C;
Conductivity
0.06 ohm •
-3Molar conductivity of a 1.0 x 10 M solution in nitrobenzene at 25° s 
-1
I:
NO stretching band : I856 cm."** (nujol mull); 1874 cm."*' (chloro1 
form solution).
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In addition to the NO stretching band at I856 cm. , some specimens 
showed a shoulder at 1870 cm.**’ in nujo.l mull although &ot la 
solution*
The compound was very feebly paramagnetic, = 9.1 x 10”^ 
la = 0.15 B*M»(293°K).
Molecular weight
Molecular weight : 840 (Beckmann method, solvent nitrobenzene)*
The experimental molecular weight indicates that this compound 
is a dimer, [^(NOjl^CC^H^O^)] The experimental value was rather low 
compared with the value expected for the dimer 9^8, but not impossibly so 
in vievtf of the impurities present.
Recently the compound [Ru (N0)C12(C^H^02)]^ was prepared by treating 
ruthenium nitrosyl trichloride with acetylacetone [107]. It was hoped 
that this compound would provide a means of converting the well known 
ruthenium nitrosyl trichloride into the derivatives of ruthenium nitrosyl 
di-iodide already described. A number of experiments were carried out to 
investigate this possibility.
The preparation of the acetylacetonato complex from ruthenium 
nitrosyl trichloride was repeated. Ruthenium nitrosyl trichloride was 
dissolved in warm acetylacetone giving a deep red solution. The solution 
was gently evaporated almost to dryness. The residue was extracted with
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hot acetone and the hot solution filtered. The deep red filtrate was 
cooled and the yellow crystalline powder which was deposited was filtered 
off. The infra-red spectrum showed a NO stretching band at 1870 cm.^
(nujol mull) which is close to the frequency reported (1862 cm.?").
Attempts to convert this compound into the corresponding iodo 
complex, by refluxing with lithium iodide in acetone, proved unsuccessful, 
Furthermore, treatment of the acetylacetonabo complex, prepared from ruthenium 
nitrosyl di-iodide, with pyridine in an attempt to replace the acetylacetonato 
group by two pyridine groups led to extensive decomposition. No soluble 
products could be isolated and the formation of ruthenium dioxide seemed 
to be the main course of the reaction.
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8. REACTION WITH SULPHUR LI&ANDS. TETRAHYDROTHIOPHBN
Ruthenium nitrosyl di-iodide was dissolved in warm tetrahydrothio— 
phen (20 ml.) and the deep red solution concentrated under reduced pressure.
Undissolved solid was filtered off and 60-80° petro3.eum ether added to the 
filtrate. A dark red solid was precipitated which was filtered off and 
washed with 60-80° petroleum etherr The solid had a strong odour of 
tetrahydrothiophen. It could not be further purified. In this prepara­
tion it was found necessary to restrict heating to a minimum to prevent 
decomposition.
The dark red product was almost completely insoluble in water, 
ether, methanol, and 60-80° petroleum ether. It was fairly soluble in 
hot alcohol, benzene, chloroform, dimethylformamide and'nitrobenzene giving 
deep red solutions.
Ru(NO)I^(C ^ g S)2 requires : l8.0^Ru; 179lfcC; 2.9^H; 2.5^N;
11:^S; 4-5.2^ 1 o
Round: l8.8$Ru; l6,0f£; 2.6 fdi; 3°($N; lO.O^S; 44.7$I.
-3Molar conductivity of a 1.1 x 10 M solution in nitrobenzene at 
-1
25° : 0.53 ohm .
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Infra~red spectrum
NO stretching band- 1797 cm.^ (nujol mull); 1838 cm.'*’ (chloroform
solution).
* -6
The solid -was feebly paramagnetic, = 103 0 2 x 10 , p. = 0ol+0 B0M,
i
(293°K)# In nitrobenzene solution, 2'^  = 321.1 x 10 , jj. =. 0.9 B.M. (295°K)<
Molecular weight : 506 (Beckmann method, solvent nitrobenzene).
The molecular weight expected for the fcrmula ^(NO^^C^HgS)^ is 561,
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9. OTHER EXPERIMSNTS
The experiments already described showed that ruthenium nitrosyl 
di-iodide reactdwith ligands to give nitrosyl complexes. The pyridine 
complex was obtained in a pure form and analysis clearly established its 
formula,, Unfortunately, molecular weight determinations could not be 
made because it was not sufficient^ soluble. It was not possible to 
carry out a detailed investigation of the other complexes because they 
could not be obtained in a sufficiently pure form. An attempt was made 
to overcome this difficulty by finding new routes to both ruthenium nitrosyl 
di-iodide and to the nitrosyl complexes prepared from it.
(a) Alternative Preparations of Ruthenium Nitrosyl Di-Iodide
The original method of preparing ruthenium nitrosyl di-iodide had 
two serious disadvantages % firstly, ruthenium nitrosyl di-iodide could 
not be obtained in a pure form, and secondly, the method was extremely 
tedious.
An attempt was made to prepare ruthenium nitrosyl di-iodide from 
ruthenium nitrosyl tri-iodide. Ruthenium nitrosyl tri-iodide is a 
black powder, prepared by treating ruthenium nitrosyl trichloride with 
hydriodic acid. It is quite different from ruthenium nitrosyl di-iodide 
and is soluble in water giving intensely dark brown solutions. These
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solutions rapidly hydrolyse, especially when they are warmed, to give 
a dark brown solid. Ruthenium nitrosyl tri-iodide is unstable and 
slowly loses iodine at room temperature. The nature of the residue was 
not kno?m. This decomposition was studied by thermogravimetric analysis 
to determine whether ruthenium nitrosyl di-iodide occurs as a decomposi­
tion product.
Ruthenium nitrosyl tri-iodide (0.1060 g„) was heated on a thermo­
balance from room temperature (20°) to 520° at the rate of 1° per minute. 
The percentage weight loss, which was calculated from the weight change 
recorded by the instrument, was plotted against temperature.
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TABLE L,
Temperature % Temperature % Temperature %
°C Weight Loss °C Weight Loss °C Weight I
20 0 139 6 .4 270 36.5
24 0 3-43 6.5 275 52.8
30 0*2 149 6.6 280 68„8
39 0 .8 152 6.7 285 6 9 .5
kk- 1.3 160 6.7 290 6 9 .1
49 2o 2 163 6.8 295 68.6
61 3.0 170 6.9 300 68.0
70 3.8 179 6.9 305 67.8
75 4.2 183 7.0 310 67.8
79 5.0 190 7.1 317 67.8
81 5.2 195 7.2 323 69.9
84 5.4 200 7.3 328 68.2
87 5.4 205 7.6 333 68.2
90 5.5 210 7.9 339 68.3
93 ■ 5.5 215 8.3 344 6 8 .4
97 5.5 220 8.7 349 68,5
101 5.7 225 9.1 358 68.6
105 5.8 230 9.8 394 68.7
109 5.8 235 10.3 409 69.4
113 5.9 240 10.6 4L9 69.8
117 5.9 245 11.2 433 6 9 .9
122 6.0 250 12.5 460 6 9 .9
125 6.1 255 14.8 479 70.0
130 6.2 260 18.2 490 6 9 .9
134 6.3 265 24.5 520 69.9
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The expected percentage weight losses for possible reactions are:-
Ru(N0)l^ --- ? Ru (N0)I2 2
Ru(N0)l^ --- > Ru02
Ru(N0)l_ — ^  Rul_
J D
The experimental results show a total percentage weight loss of 
70^ which is consistent with the formation of ruthenium dioxide, From 
the decomposition curve it appears that decomposition occurs in two stages, 
the first stage involving about e> Gfo weight loss. This weight losn 
corresponds with the loss of nitric oxide#
The loss of nitric oxide was considered to be unlikely and another 
experiment was carried out to investigate this further. Another weighed 
sample of ruthenium nitrosyl tri-iodide was heated to 110° on a thermo­
balance, after which it was removed, allowed to cool and reweighed. The 
weight loss was 6.2^ ># The product was found to be soluble in water and 
the infra-red spectrum showed the same NO stretching band as the starting 
material# It seems likely, therefore, that the initial weight loss is due 
to the loss of moisture and some iodine.
It was concluded from these experiments that it ?/as not possible to 
obtain ruthenium nitrosyl di-iodide by thermal decomposition of ruthenium 
nitrosyl tri-iodide. Another attempt was made to prepare ruthenium 
nitrosyl di-iodide from ruthenium nitrosyl tri-iodide, by refluxing the 
latter with magnesium powder in alcohol. The product obtained was a brown
-82-
powder and although it was not fully characterised, it was not ruthenium 
nitrosyl di-iodide,, An attempt was also made to carry out the reverse 
process and prepare ruthenium nitrosyl tri-iodide from ruthenium nitrosyl 
di-iodide, by refluxing with iodine in potassium iodide solution. The 
brown powder which was again obtained was not ruthenium nitrosyl tri-iodide, 
being mainly hydrated ruthenium dioxide.
(b) Preparation of Complexes from Ruthenium Dicarbonyl Di-Iodide and 
Their F.eaction with Nitric Oxide
As already mentioned, it proved impossible to make a detailed 
study of the complexes prepared from ruthenium nitrosyl di-iodide because 
of the impurities present. Attempts to replace pyridine in the pure 
pyridine complex by other ligands failed to give well defined products.
It was decided, therefore, to investigate the reaction between nitric 
oxide and complexes prepared from ruthenium dicarbonyl di-iodide. The 
experiments are shown schematically for the bipyridyl complex
The advantage of this method would be that the carbonyl complexes can 
be obtained in a pure form and might provide a means whereby pure nitrosyl
Ru(NO)l<Jblpy
Ru(N0)I2
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complexes could be obtained* The carbonyl complexes were prepared 
according to the methods of Irving [16] and Hieber and Heusinger [17]*
Id-i odo die arbonylbis (pyridine ) ruthenium (II)
Ruthenium dicarbonyl di-iodide (0*3 g.) was dissolved in boiling 
pyridine and the hot solution was filtered. The deep red filtrate was 
cooled and an orange-red crystalline solid was deposited. This was 
filtered off, recrystallised from pyridine and washed with ether.
Infra-red spectrum
—1 —1
CO stretching bands i 2031<xv. and 1996cm. (nujol mull).
Reaction with nitric oxide
The complex was weighed into a combustion boat and heated in a 
scream of nitric oxide, in the same apparatus used for preparing ruthenium 
nitrosyl di-iodide. The temperature was slowly raised. At 183° the 
complex began to darken and’organic matter was evolved. No iodine was 
liberated. The temperature was raised to 210° and maintained steady for 
three hours, by which time the material in the boat vras entirely black. The 
boat and contents were allowed to cool in the stream of nitric oxide and 
then reweighed. The percentage weight loss was 23*7^ which is consistent 
with the formation of ruthenium nitrosyl di-iodide (RuCCO^ ^
Ru(N0)l2, 32.1$ weight loss). The infra-red spectrum of the product 
showed the NO stretching bands characteristic of ruthenium nitrosyl di—iodide 
together with weak, ill-defined bands associated with the ligand. The
-84-
preseno© of som© organic matter in the product probably accounts for the 
low weight loss accompanying its formation.
Pi-lododiearbonylb tpyridylru thenium(11)
A sample of this compound was kindly provided by Dr. R.J.Irving. 
Infra-red spectrum
CO stretching bands i 2043 cm.^ and 1980 cm. ^  (nujol mull). 
Reaction with nitric oxide
The compound was heated in a stream of nitric oxide, as in the 
previous experiment. At 300°C the yellow colour of the carbonyl complex 
began to darken and organic matter was liberated. This temperature was 
maintained for two hours. The infra-red spectrum of the product showed 
both CO and NO stretching bands. The material was heated for a further 
two hours at 320°. More organic matter was liberated together with some 
iodine. The final residue was mainly ruthenium dioxide.
Di -i o do di c arb onyl-1.10—phe n an thro linoruthe nl um (11)
A sample of this compound was kindly provided by Dr. R.J.Irving. 
Infra-red spectrum
-I -1
CO stretching bands : 2058 cm. and 1998 cm. (nujol mull).
Reaction with nitric oxide
The yellow colour of the complex began to darken at 270°. The
temperature was maintained at 280° for three hours. Organic material
-85-
and some iodine were liberated. The black product was a mixture of 
ruthenium nitrosyl di-iodide and ruthenium dioxide.
D±~? ododicarbonylbis(ftniline )r.uth^nium(ll)
Ruthenium dicarbonyl di-iodide was dissolved in the minimum 
quantity of freshly distilled aniline at 100°. The hot solution was 
quickly filtered and cooled. Orange-yellow crystals which were deposited, 
were filtered off and washed with benzene.
Infra-red spectrum■ i'mu'
-1 -1
CO stretching bands : 2051 cm. and 199& cm. (nujol mull).
Reaction with nitric oxide
The compound began to darken at 180°. Organic material was 
evolved but no iodine was liberated. The percentage weight loss after 
two hours at 200° corresponded with the formation of ruthenium nitrosyl 
di-iodide. This was confirmed by the infra-red spectrum of the product*
It is evident from these experiments that treatment of the carbonyl 
complexes gives a mixture of ruthenium nitrosyl di-iodide and ruthenium 
dioxide. The following carbonyl complexes were also prepared but not 
treated with nitric oxide*
Di~iododicarbonylbis(triphenylphosphine)ruthenium(ll)
Ruthenium dicarbonyl di-iodide was heated with triphenylphosphine 
in benzene in a Carius tube for 10 hours at 120°. After cooling, the tube
•86-
was opened and the contents filtered. The filtrate was gently evaporated
to dryness leaving a yellow powder.
Di-iodo dic arbonylbi s ( aoetoaitrile }ru.thoniuin( II)
Ruthenium dicarbonyl di-iodide was dissolved in the minimum quantity 
of boiling acetonitrile. The hot solution was filtered and the filtrate 
cooled. Red crystals, which were deposited, were filtered off and 
washed with ether.
Ruthenium dicarbonyl di-iodide v/as fused with ^-toluidine at 100°. 
The excess of ]>-toluidine was removed in vacuo at 100° leaving a yellow 
powder.
-1 —1 
CO stretching bands : 204-0 cm. and 1984 cm. (nujol mull).
;rum
(nujol mull)CO stretching bands : 2074 cm® end 2014 cm,
Di-iododicarbonylbis(n-toluidine)ruthenium(ll)
CO stretching bands : 2053 cm. and 2002 cm. (nujol mull).
10. INFRA-RED SPECTRA
Ruthenium nitrosyl di-iodide.
Pyridine derivative of ruthenium nitrosyl di-iodide.
Bipyridyl derivative of ruthenium nitrosyl di-iodide. 
Triphenylphosphine derivative of ruthenium nitrosyl di-iodide. 
Di-io do die arbonylh i s (pyrid:? 73$ Ui£.(ll).
Di-iodo dicarbonylbipyri dylruthenium( II) •
Di-i o do di c arb ony 1-1,10-ph enanthr olinerutheni um( 11).
Di-i o do di c arb o nylbi s ( aniline )ruthanium(ll).
Di-io dodic arbonylbis(£-toluidine)rutnenium(II)•
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DISCUSSION
1, R i m m iUM_NITROSYL DI-IODIDE AND ITS DERIVATIVES
The present vrork has confirmed that ruthenium dicarbonyl di-iodide 
reacts with nitric oxide at 3 70-2300 to give black insoluble ruthenium 
nitrosyl di-iodide. .Analysis of the products obtained in a number of pre­
parations showed that they contained less iodine than the amount required 
for the formula Almost certainly this means that ruthenium
dioxide is present as an impurity„ Its presence can be accounted for in 
two ways 2 either it is already present as an impurity in ruthenium dicarbonyl, 
di-iodide, or more probably, it is formed in side reactions during the pre­
paration of the nitrosyl* In confirmation of the latter it was found that 
in some preparations small amounts of iodine were liberated*
It was found that when 0.5 1 g* of ruthenium dicarbonyl di-iodide
was used, a fairly good yield of nitrosyl was obtained. However, if more 
than 1 g, was used the reaction almost invariably became uncontrollable, 
giving a product which was essentially ruthenium dioxide. There is no 
obvious explanation for this change which occurred in the course of the 
reaction Yiien large quantities of carbonyl were used. It would seem that 
it is not possible to prepare pure ruthenium nitrosyl di-iodide by this 
method. Furthermore, it is not possible to purify the product because 
both ruthenium nitrosyl di-iodide and the impurities, ruthenium dioxide and 
possibly small amounts of ruthenium dicarbonyl di-iodide, are insoluble.
Ruthenium nitrosyl di-iodide prepared in the present work seems to 
correspond with that obtained by Manohot and Schmid [53]. It is unaffected 
by dilute acids but decomposes on warming with concentrated sulphuric 
or nitric acid* It is stable in air up to about 260°„
The high stability of ruthenium nitrosyl di-iodide is in keeping with 
the usual order observed for the stability and ease of preparation of 
nitrosyl and carbonyl halides, 11> Br> Cl* When considered in this con­
text, it is significant that ruthenium nitrosyl dichloride has not been 
reported. Ruthenium nitrosyl di-iodide resembles ruthenium didar.honyl 
di-iodide not only in its insolubility and stability but also in the fact 
that it is more easily prepared than either the analogous bromide or 
chloride. This is in contrast to ruthenium nitrosyl tri-iodide which is 
more difficult to prepare than either the nitrosyl tribromide or nitrosyl 
trichloride. In addition, ruthenium nitrosyl tri-iodide is unstable and 
slowly loses iodine at room temperature [107]. Thus the order of stability 
and ease of preparation of' the ruthenium nitrosyl trihalides is 
C l >  B r >  I*
An important aspect of the present work was the investigation into 
the action of ligands on ruthenium nitrosyl di-iodide. For this purpose
a range of ligands was used which involved the donar elements nitrogen, 
phosphorus, arsenic, antimony, oxygen and sulphur. To some extent the 
choice was influenced by the fact that well defined derivatives of ruthenium
dicarbonyl di-iodide [l6;17] and of the ruthenium nitrosyl trihalides [107]
had been reported with many of these ligands*
It was found that ruthenium nitrosyl di-iodide reacted with all the
ligands used^except phosphorus trichloride, to give reddish-brown products*
Their infra-red spectra showed that, with the exception of the product
obtained with o_—phenanthroline, they all contained coordinated nitric oxide.
An unfortunate aspect of the work was that in most cases the products could
not be obtained in a pure form. However, the analytical figures for the
pyridine derivative, the only product which could be recrystallised, jmre
consistent with the formula Ru(N0)l2(py)2> whilst those of the tetrahydro-
thiophen, bipyridyl and&jotyla?etonat.o derivatives corresponded reasonably
well with the formulae Ru(NO)I2( ) 2? B.u(NO)l^bipy and Ru(N0)l^ acac
respectively. Other ligands, however, gave products which were so impure
that the analytical figures gave little idea of their formulae.
Ruthenium nitrosyl di-iodide and its derivatives are structurally of
considerable interest as they bear little resemblance to the majority of
the nitrosyls of ruthenium which are octahedral.
No evidence was obtained for the formation of complexes of the type
Ru(N0)l (w )-z) or f°r replacement of iodine by the ligand. All the 
3 3
products were non—electrolytes in nitrobenzene and it io reasonable to 
conclude, therefore, that they are non-ionic.
Ruthenium nitrosyl di-iodide and its derivatives, with the exception
-10X-
of the acetyiaoetonartD derivative, contain the group [Ru(N0)](ll). This is 
in contrast to the majority of the nitrosyls of ruthenium which contain 
the group [Ru(NO)](ill). The acetylacetor-sbo derivative of ruthenium 
nitrosyl di-iodide falls into this second group because of the anionic 
character of the ligand. With these compounds, as with nitrosyls gener­
ally, it is convenient to assign an oxidation state to the [metal (NO)] 
group as a unit and regard the way in which the nitric oxide is coordinated 
to the metal as a separate issue.
The i.nfra-red spectrum of ruthenium nitrosyl di-iodide shows two 
broad NO stretching bands at 1847 cm, and 1666 cm. • The spectra of 
its derivatives show only one NO stretching band with the exception of the 
pyridine and triphenylphosphine derivatives which show two. The frequen­
cies of these bands lie in the range 1859 cm. for the triphenylphosphine 
derivative to 1797 cm. *" for the tetrahydrothiophen derivative. Both 
these frequencies and those of ruthenium nitrosyl di-iodide lie within 
the range which is characteristic of nitric oxide coordinated as the 
nitrosonium ion NO . It can be concluded, therefore, that ruthenium 
nitrosyl di-iodide and its derivatives, with the exception of the acetylaoe- 
tenato derivative, contain ruthenium(l). On the same basis the acetylace- 
tenato derivative contains ruthenium(ll). The peak at 1666 cm. for
ruthenium nitrosyl di-iodide is very low for ruthenium nitrosyls which
-1
generally absorb above 1800 cm.
Ruthenium(l) has the electronic configuration d and as a second 
series transition element would be expected to be spin-paired in its com­
plexes. Nyholm, in his recent review [108] of the structure of transition 
metal complexes, has pointed out that although this configuration is known 
in a number of five coordinate complexes of the first transition series 
elements, it is important to distinguish those compounds in which the ex­
pected unpaired electron is paired to form a metal-metal bond. An instance 
of this is the manganese carbonyl which is known to contain two
square pyramidal Mn(CO)^ groups joined by a metal-metal bond [109].
a)
Treatment of this carbonyl with triphenylphosphine gives the mononuclear five 
coordinate conpl&x, 1  [ l&L(C0)^(Ph^P)]. Similar complexes are formed with 
triphenylarsine and triphenylstibine [110].
In decacarboryldimanganese each manganese atom has the
-103-
coordination number six with one coordination position occupied by the
metal-metal bond. The non-bonding configuration of each manganese atom 
6 .
becomes d . This exemplifies what appears to be a general rule that 
metal-metal bonds are formed to give stable diamagnetic non-bonding configu­
rations. Certainly the presence of metal-metal bonds is usually inferred 
from the lack of paramagnetism which would otherwise be expected. In some 
cases X-ray studies neem to confirm their presence, although the bond 
lengths found are significantly longer than the sum of the usually accepted 
atomic radii.
On the basis of structures generally found for complexes involving 
y and its derivatives
metals with a d configuration, ruthenium nitrosyl di-iodide/would be
expected to be six coordinate involving a metal-metal bond or9less probably,
five coordinate. In the latter case the completes would be paramagnetic
with one unpaired electron, whilst for the former they would be diamagnetic.
Certainly paramagnetism is uncommon for nitrosyls.
The magnetic susceptibilities (X*^) of different samples of ruthenium
-6
nitrosyl di-iodide were in the range 28,3 to 348.3 x 10 c.g.s. corres­
ponding to magnetic moments in the range 0.26 to -Q091B.M. The experimental 
error in measuring such low moments is large and this, together with the 
presence of impurities, prevents any significance being attached to the 
variation between different samples. The magnetic moments of derivatives 
of ruthenium nitrosyl di—iodide are shown in Table 1.
-104-
Table 1
Compound Temperature
°K
H o
1 c
B0M,
Bu(N0)l2(py)2 297.5 142.0 0.58
Jtu(N0)l bipy 293 304.2 0.84
1Eu(H0)I2(Hi7P)2 293 311c 8 0.86
Ru(N0)l (C H S) 293 103.2 0.40
^formula assigned by analogs?- with pyridine derivative.
A temperature variation study was undertaken for the pyridine derivative 
to investigate the residual paramagnetism of these compounds. The results 
are shown graphically in Part V, There is a large scatter of the experi­
mental points about the curve and this undoubtedly emphasises the difficulty
_1_
of measuring these low moments. A horizontal straight line plot of Yt
M
against temperature would imply' temperature—independent paramagnetism1 which 
is a ’second order’ effect and would be consistent with no unpaired 
electrons. The results show that it is not possible to conclude with 
absolute certainty that the residual paramagnetism is temperature-independent. 
Nevertheless^it is significant that the magnetic moments of ruthenium 
nitrosyl di-iodide and its derivatives are considerably less than that 
expected for one unpaired electron. It seems reasonable to conclude that 
there is spin—pairing from some sort of metal-metal interaction.
On the basis of this evidence it is possible to propose various
structures for ruthenium nitrosyl di-iodide. Undoubtedly it has a 
polymeric structure which is consistent with its insolubility and inert­
ness. One such structure is shown.
(ii)
2 3
In this ruthenium can be considered to use 4-d 5$5p hybridised orbitals 
and achieve the coordination number six0 The bent metal-metal bond is 
formed by the overlap of two such orbitals from adjacent ruthenium atoms, 
with ea,ch ruthenium atom contributing one electron. This leaves each
ruthenium atom with a d non-bonding configuration. A similar type
of metal-metal bonding has been proposed in the dimeric cobalt carbonyl
-10 & *
Ruthenium dicarbonyl di-iodide is polymeric and diamagnetic. The d^
configuration of ruthenium(ll) favours coordination number six and polymerisa-
without
tion in this case can be achieved^'''''utilizing metal-metal bonds, A 
possible structure is shown.
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(iv)
In contrast to the polymeric structure proposed for ruthenium 
nitrosyl di-iodide, both ruthenium nitrosyl trichloride and ruthenium 
nitrosyl tribromide are probably monomeric with two molecules of coordinated 
waterc Certainly the reaction of these compounds with ligands to give 
octahedral complexes of the type Ru(N0)X^ Ij2 (h — ligand) can be understood 
in terms of replacement of two such water molecules. However, ruthenium 
nitrosyl tri-iodide does not form a hydrate and like ruthenium nitrosyl 
di-iodide it is probably polymeric. Ruthenium nitrosyl tri-iodide does
react with ligands, however, to give monomeric complexes such as
Ru(NO)lrivy')2 analoSou- "t0 "those obtained with ruthenium nitrosyl trichloride
and ruthenium nitrosyl tribromide [107]*
The reactions between ruthenium nitrosyl tri-iodide and ligands, 
and the similar reactions of ruthenium dicarbonyl di~iodide, must involve 
the rupture of iodo-bridges. Presumably the same occurs with ruthenium
nitrosyl di-iodide but in addition, the effect of the ligands on the 
metal~metal bond must be considered. In this connection the reaction 
between 3_igands and the manganese carbonyl are significant.
Reference has already been made to triphenylphosphine, triphenylarsine and 
triphenylstibine which give monomeric complexes of the type [Mn(C0)^l]
(L = ligand). However, dimeric derivatives have been obtained with both 
tricyclohexylphospSiine [ 110] and £~phenylenebisdimethylarsine [112]. It 
is evident that no general rule can be formulated.
On the basis of magnetic moment data it has been concluded that the 
derivatives of ruthenium, nitrosyl di-iodide contain metal-metal bonds.
In keeping with this, structure (v) is proposed for the pyridine derivative,
In this structure ruthenium attains the effective atomic number of the
next inert gas xenon. As in ruthenium nitrosyl di-iodide, each ruthenium
atom is octahedrally coordinated, with the metal-metal bond occupying one
6
coordination position, Bach ruthenium atom acquires a d non-bonding 
configuration. In as much as this is the configuration of ruthenium(il), 
ruthenium nitrosyl di-iodide and its derivatives can be regarded as involv­
ing pseudO'-ruthenium(ll), The pseudo-ruthenium(il) character of these 
compounds probably explains the high stability of oxidation state (l) 
which is otherwise almost unknown for this element. Certainly ruthenium(ll) 
is a very stable oxidation state, particularly in complexes involving ligands 
with 7r bonding character such as dipyridyl, oyphenanthroline and oyphenylene - 
bisdimethylarsine. It is only in complexes with weak ligand-fields, such 
as the halides, that ruthenium(ll) is readily oxidised to ruthenium(lll).
The structure of Eu(NG)l2acad is of interest because, unlike the 
other derivatives, it contains ruthenium(ll).
The molecular weight in nitrobenzene solution showed the complex 
to be dimeric [hu(N0)l2acacJ2* Gasis structure (vi) is proposed
in which the two ruthenium atoms are joined by iodo-bridges*
-105'-
This complex was treated with pyridine in an attempt to rupture the iodo-
bridges to give complexes of the type Eu(N0)l‘2acao py or Ru(NQ)l2(py)^.
However, the product obtained was mainly ruthenium dioxide. Certainly,
a compound with the formula 11u(N0)lo(pyy_ would not be expected to be
2 5
stable since the effective atomic number of ruthenium is 55* one more
than that of the next inert gas„
Attempts were made to confirm the presence of a metal-metal bond 
in the other derivatives by molecular weight determinations. Neither 
the pyridine nor bipyridyl derivatives were sufficiently soluble for this 
pui*pose and for this reason attempts were made to prepare alkylphosphine 
derivatives in the hope that they would be mere soluble. Diethylphenyl- 
phosphine, tributylphosphine and triethjlphosphine were used. Although 
soluble products were obtained it was found impossible to purify them. 
These products were obtained as dark red gums or occasionally as damp 
solids contaminated with ligand and solvent. Attempts to remove excess 
solvent led to the formation of black insoluble solids containing a high 
proportion of ruthenium dioxide. Nevertheless, the molecular weight of 
an impure specimen of the diethylphenyl derivative was determined and the 
value 5-Up obtained. This value, which in no way approaches that required 
(li+34-) for a dimer with the formula [ R u ^ T C ^ I g C ® ^ 2} 29 "^n
considerably less than that required for the monomer.
Although the tetrahydrothiophen derivative was not as soluble as
the phosphine derivatives it was possible to obtain its molecular weight 
in nitrobenzene solution. The value obtained was 506 whereas that re­
quired by the formula Ru(N0)l2(C^HgS)2 is 56lf If it is assumed that the 
experimental value is due to a dimer contaminated with low molecular 
impurities (90 to 100) then these wrould have to be present to the extent 
of about 15 ~ 20%, Since this was not the case it seems that the solutions 
contain predominantly monomers, The low experimental molecular weight is
undoubtedly due to the presence of impurities. These results, admittedly 
obtained from a study of impure compounds, provide considerable evidence 
for the monomeric form [Ru(N0)l2^p] ~ ligand) in solution.
It seems, therefore, that the solid complexes consist of dimers and 
these dissociate in solution to give monomers. Rupture of metal-metal 
bonds in solution has also been observed by Nyholm and Rao Raman [112] for 
the compound [Mn(C0)^diars]2« These authors regard the dimeric form 
as metastable and report that it is not possible to prepare the dimer from 
the monomer# In the present work it has been found possible to obtain 
the dimer from the monomer in solution by evaporating off the solvent.
This may reflect the greater tendency of second series transition elements 
to form six coordinate rather than five coordinate complexes. The exact 
role played by the solvent is uncertain but it is significant that the 
molecular weight of the phosphine derivative in benzene is the same as 
in the much more polar solvent nitrobenzene.
An attempt was made to confirm the presence of monomers in solution 
by magnetic susceptibility measurements. Unfortunately none of the 
complexes which could be prepared in a reasonably pure form were suffici­
ently soluble for accurate determinations to be made. Of the more soluble 
compounds the tetrahydrothiophen derivative appeared to be the most suitable* 
The magnetic moment in nitrobenzene solution was 0.9 B.M. per Ru atom* 
This is considerably less than that expected for a monomer which involves one 
unpaired electron and it therefore contradicts the evidence obtained 
from molecular weight determinations. Although a moment of this order 
could be explained on the basis of an equilibrium between monomers and 
dimers, the experimental error in measuring such moments is large. It 
is considered in the present work that little quantitative significance 
can be attached to this value. The molecular weight determinations, 
however, are considered to be more reliable and therefore of greater 
significance because they were obtained for two derivatives, in one 
case in two solvents. Furthermore^the value obtained for the acetylaoe- 
tonato derivative clearly showed it to be a dimer even though the specimen 
was impure. It is concluded, therefore, that the ruthenium(l) nitrosyl 
derivatives are monomeric in solution#
It is evident that a complete structural determination is required 
to fully elucidate the nature of these compounds. Their uncertain 
structures makes the interpretation of their infra-red spectra difficult
especially with regard to the second NO peak shovm "by the pyridine and 
triphenylphosphine derivatives. These second peaks may be due to isomers 
or nitrosyl impurities. Attempts were made to prepare pure specimens 
of the derivatives of ruthenium nitrosyl di-iodide by treating derivatives 
of ruthenium dicarbonyl di-iodide vdth nitric oxide. However, these ex­
periments were unsuccessful and the products obtained consisted of either 
ruthenium dioxide or a mixture of ruthenium dioxide and ruthenium nitrosyl 
di-iodide.
The two NO stretching frequencies in the infra-red spectrum of 
ruthenium nitrosyl di-iodide were always found to have the same relative 
intensities. This suggests that they are both associated with ruthenium 
nitrosyl di-iodide rather than impurities, It would seem from this 
that the nitrosyl group is coordinated in two different environments, 
Roussin’s black salt K[FejS^NO) ] also shows two NO peaks at widely 
different frequencies (1716 cm."'1 and 1598 cm."1) [100], and in this case 
structural examination has shown that one of the nitrosyl groups is 
different from the other six [113], The suggested structure for ruthenium 
nitrosyl di-iodide affords no obvious explanation for the two NO peaks 
observed and shows that a completeX-ray study is required to establish 
its nature.
-113s*
2. VARIATION IN NO STRETCHING
In Part IV it was shown that the NO stretching frequencies found 
for coordinated nitrosonium ion lie within the range from about 1515 to 
1938 cm. \  The frequencies found for the derivatives of ruthenium 
nitrosyl di-iodide all lie within this range.
TABLE 2.
NO Stretching Frequencies in Ruthenium Nitrosyl Di-Iodide
Derivatives
Ligand
triphenylphosphine 
acetylacetone 
bipyridyl •
diethylphenylpho sphine 
tri-n-butylpho sphine 
triethylpho sphine 
triphenylstibine 
pyridine 
triphenylarsine 
tetrahydrothiophen
NO stretch cm.-1
nujol mull chloroform solution
1859 176A
1856
1848 1793(shoulder)
1838 
1828 
1828 
1825
1823 1784
1822 
1797
1862
1834
1783
1874
1871
1861
1835
1836 
I838
1835
1838
1798
Spectra were recorded in both nujol mull and chloroform solution# 
The NO peaks in the former were often very broad, making accurate measure­
ments of their frequencies difficult, whilst those in solution were much 
more sharply defined. Chloroform was used because it was one of the 
few solvents common to all the derivatives. It is evident from the 
table that the NO stretching frequencies in solution are higher, often 
considerably so, than those recorded in nujol mull. Table 2 lists the 
compounds in order of increasing NO frequency in nujol and it is apparent 
that the same order does not apply for frequencies in chloroform solution* 
This shows a certain amount of specific solvent interaction,as would be 
expected from the effects shown by the complexes Ru (N0)X^L2 (X = Cl or Brj 
L = ligand) with chloroform [107]. However, it is difficult to attach 
further significance to these effects because of the uncertain nature 
of the compounds.
The variation of the NO stretching frequencies is due to the 
different environments of the nitrosyl group caused by different ligands 
attached to the [Ru(NO)] group. The most important factor appears to 
be the way in which the ligands affect the ability of electrons on the 
metal to back-bond with the nitrosyl group. A low NO stretching fre­
quency implies a considerable degree of back-bonding. This can be 
interpreted in terms of valence bond theory as a considerable contribution 
of the canonical form M = N = 0 to the final resonance structure* Con­
versely, a high NO stretching frequency implies little back-bonding and
+
thus a considerable contribution of the form M -4—  N =  0. The vacation 
in NO stretching frequencies can easily be visualised in terms of a change 
in the relative contribution of these canonical forms to the final structure. 
This variation is, perhaps, less easily represented in terms of molecular 
orbital theory. Nevertheless^a decrease in bond order is readily under­
stood in terms of an overlap of filled metal d orbitals and empty NO p 
antibonding orbitals.
As previously mentioned in Part IV the nitrosonium ion is iso- 
electronic with carbon monoxide. The structure of coordinated carbon 
monoxide can, therefore, be represented in terms of essentially the 
same canonical forms as coordinated nitrosonium ion.
M f- C ^  0 A— * M mr tC = 0
As a result,carbonyls show a range of CO stretching frequencies depending 
on the environmental conditions of the carbonyl group. This is illustra­
ted by the CO stretching frequencies found in the present work for 
ruthenium dicarbonyl di-ioc3ide and its derivatives*
and Its Derivatives
Compound CO stretch -1cm.
n'djol Frill
Ru (C0)2I2 2058 2005
Ru(C0)2I2(py)2 20,51 1996
Ru(C0)2I2bipy 204-3 1980
Ilu(C0)2I2phen 2058 1998
Ru(C0)2I2(an)2 2031 1996
Ru(C0)2I2(Ph3P)2 2040 1984
Ru(C0)2I2(MeCN)2 2074 2014
Ru(C0)2I2(tol)? 2053 2002
Ru(CO) I' (MePh As) 2042 19881
an = aniline tol ~ p-tolun. dine
^reported by Irving [ 16] 0
The structure of these derivatives is far less complicated than 
that of the derivatives of ruthenium nitrosyl di-iodide. Undoubtedly, 
they are octahedral as would be expected from the d configuration of
-117-
ruthenium(ll)• Although there are five possible geometric isomers for
octahedral complexes of the -type 1^ 1(00)2^2^2 ^  = nionodentate ligand)
only one for each of the derivatives has been observed, Irving [16] re­
ports that the pyridine and bipyridyl compounds both have a dipole moment 
of 8D, and suggests, therefore, that in the former the pyridine groups 
are cis to each other. If the ligands in the other derivatives are cis 
to each other in the same way, then the number of possible isomers can be 
limited to three.
O
C
L.
C
C
c
o
I
rCO CO
L CO
I
(vii) (viii) (ix)
Structure (vii) can be discounted because the two carbonyl groups, 
being trans to each other, compete directly for the 7r bonding capacity of 
the metal. This would not be consistent with the high stability generally 
observed for these compounds. The presence of two CO bands in the 
infra-red spectra confirms that the two carbonyl groups are not trans but 
cis to each other, as in structures (viii) and (ix). Although the
distinction between these structures is less clear^direct competition 
between the ligands L and the carbonyl groups for the 7r bonding capacity 
of the metal is less in structure (viii) than (ix:)*
In the coordination of nitrosyl and carbonyl ligands to a metal ion 
the c  bond is relatively unimportant. Although the bond strength depends 
primarily on 7r bonding, it is not possible to separate the effects of 
and 7r bonding because of synergic interaction. These ligands are relative­
ly sensitive to their environment and provide a useful means of studying 
the bonding characteristics of other ligands, in particular the way in 
which they affect the 7r bonding capacity of the central metal ion 
[ 114; 115;116;117]•
The effect of halogens on CO stretching frequencies has been examined 
by Irving and Magnusson [114] who concluded that the important factor was 
the inductive effect. Thus the order of the CO stretching frequencies 
found was Cl } Br / I, which is the same as the order of electronegati­
vities, As expected, NO stretching frequencies show the same order 
[100;107]# In keeping with this order the NO stretching frequency for
Ru(N0)l2a c in nujol mull was found to be lower than that reported 
—1
(1867 cm, ) for the analogous chloro complex [107],
In phosphorus, arsenic and antimony ligands the donar atoms possess 
vacant d orbitals suitable for accepting electrons from a metal ion the 
formation of a 7r bond. Although this tendency is less than in the nitrosyl
and carbonyl ligands they, nevertheless, compete with these ligands for 
the rr bonding capacity of the metal ion* The acceptor properties of 
phosphorus, arsenic and antimony are considerably influenced by the nature 
of the atoms or groups attached to them. Abel, Bennett and Wilkinson [115] 
have shown that the progressive replacement of the phenyl groups in tri­
phenylphosphine in the complex (PhjP)^Mo(CO)^ by chlorine raises the CO 
stretching frequencies. Thus it would appear that this change causes an 
increase in the rr bonding ability of the phosphorus.
The present work has not been concerned with preparing complexes
to show these effects. However, it is significant that the NO stretching
phenyl
frequency in the diethyl ho sphine derivative of ruthenium nitrosyl di-iodide 
is higher than in the triethylphosphine derivative. This confirms that re­
placement of phenyl groups by alkyl groups reduces the rr bonding ability 
of the donar atom phosphorus. The triphenylarsine and triphenylstibine 
derivatives show very similar stretching frequencies which suggests that 
in these compounds, at least, these two ligands show similar bonding 
characteristics. The low NO stretching frequency found for the derivative
Ru(N0)l~ (C, H0S)0 in nujol mull would suggest that tetrahydrothiophen has 
' 2 4 o 2.
little rr bonding ability. However, in solution the NO stretching fre­
quency is the same as that of the tripheny'1 siiifyirjo derivative.
Aliphatic amines and similar ligands do not take part in rr bonding 
because the nitrogen atom lacls suitable vacant orbitals. However,
7t bonding is possible with the heterocycles pyridine and bipyridyl 
because charge can be accepted into the delocalised rr orbitals associated 
with the aromatic ring system. In the present work the NO stretching 
frequencies of the pyridine derivative of ruthenium nitrosyl di-iodide 
were found to be less than those of the bipyridyl derivative. This 
suggests that, of the two ligands, the latter possesses greater rr bonding 
ability. However, it is questionable whether such a comparison is valid 
since pyridine is a monodentate, and bipyridyl a bidentate, ligand.
3o SUMMARY
PLUthenium nitrosyl di-iodide has been prepared by treating ruthenium
dicarbonyl di-iodide at 170 - 230° with nitric oxide for up to 28
hours„ It is a black amorphous powder, insoluble in all common solvents*
It is unaffected by dilute acids and is stable in air up to about 260°.
Its infra-red spectrum shows two broad NO stretching bands at 1847 om* and 
<=•1
1666 cm* "* Ruthenium nitrosyl di-iodide formally contains ruthenium(l).
It is feebly paramagnetic and probably has a polymeric structure involving 
metal-metal bonds*
Ruthenium nitrosyl di-iodide reacts with ligands to give reddish- 
brown products,. Apart from that obtained with o_-phenanth.ro line, all 
these products contain coordinated nitrosonium ion. However, the only 
products which could be isolated in a reasonably pure form were the 
pyridine, bipyridyl, acetylasetonato and tetrahydrothiophen derivatives*
These have the formulae RufNOjlgCpy^* R^NC^I^bipy, R^NC^I^acac and 
R^NOj^CC^HgS^ respectively. They are non-electrolytes in nitro­
benzene « ao&tgiacetonato derivative contains ruthenium(ll) and is 
dimeric with two iodo-bridges. The other derivatives contain ruthenium(l). 
They are only feebly paramagnetic. It is possible that they have a di­
meric structure in which dimerisation is achieved by a metal-metal bond 
only. In such a structure ruthenium is octahedrally coordinated with
one coordination position occupied by the metal-metal bond. The non­
bonding configuration is d^ which is that of ruthenium(ll). It is this
pseudo-ruthenium(ll) character which accounts for the stability of this 
otherwise rare oxidation state for ruthenium. In solution it seems 
that these dimers dissociate into monomers. It is not possible to 
obtain ruthenium nitrosyl di-iodide from ruthenium nitrosyl tri-iodide 
nor to obtain the derivatives of ruthenium nitrosyl di-iodide from the 
derivatives of ruthenium dicarbonyl di-iodide#
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P A R T VII
THE HALIDES OP RUTHENIUM
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1. THE CHLORIDES OF RUTHENIUM
The binary halides of ruthenium have been listed in Part I. The 
present work is concerned with an investigation into the reaction between 
aqueous solutions of commercial ruthenium chloride and potassium iodide to 
give ruthenium tri-iodide. As a preliminary, a more detailed account of 
the chlorides of ruthenium and of ruthenium tri-iodide will be given in 
this Part.
Ruthenium trichloride exists in two main forms, anhydrous and hydrated. 
The former is usually prepared by heating ruthenium metal to about 700° in 
a stream of chlorine, often with a small amount of carbon monoxide which 
acts as a catalyst, presumably through the intermediate formation of a 
carbonyl. This reaction has been studied in detail by Hill and Beamish 
[US h  , who summarised much of the earlier controversial work. They 
claimed that ruthenium is completely converted to the trichloride by 
chlorination at 700° and that two quite different allotropic modifications 
are formed. One allotrope is described as shiny, black and insoluble and 
the other as brown and hygroscopic. Recently, however, Fletcher and his 
co-workers [ll9 ] have claimed that the latter product is not in fact an 
allotrope of ruthenium trichloride, but the oxychloride Ru^OClg. At the 
same time, these authors have confirmed the formation of the shiny black 
allotrope a-RuCl^, and have reported that another allotrope /3 -RuCl^, can 
be made by heating ruthenium metal in a stream of chlorine and carbon 
monoxide at 340°. They reported that the magnetic moment of a-RuCl^
is 2.14 B.M. at 300°Kr which is slightly higher than the value 2.07 B.M. 
given by Epstein and Elliot [1204 * This moment is consistent with a 
polymeric structure; with ruthenium atoms in an octahedral environment of 
bridging chlorine atoms. Fletcher has suggested that inf3~RuCl^ each 
ruthenium atom is bonded tetrahedrally to four chlorine atoms.
Hydrated ruthenium trichloride is a dark brown hygroscopic powder.
It is a product of the reduction of ruthenium tetroxide by hydrochloric acid. 
This reaction is extremely complicated and has been studied by a number of 
workers„ The course of the reaction is uncertain but a number of stages
have been proposed. The first stage probably involves reduction to the
tetrachlororutlienate [l2l] :
RuO^ + 6 HG1 -^  H2Ru02C14+2H20+C12
This is probably followed by reduction to the tetrachloride which has been 
isolated as a red crystalline pentahydrate [ 122 ]
H2Ru02C14 + 2HC1 ---->  RuCl^ + 2^0 + Cl2.
This in turn,is probably followed either by further reduction to the 
trichloride or by hydrolysis to the hydroxychloride, depending on the 
conditions [ 123
RuCl. . . . \ RuCl + ^ Cl
4 3 2
RuCl + H20  ---^ R u (0H)C13 + HC1.
It has been shown by Ruff and Vidic [124] that reduction to ruthenium (iv)
occurs quickly with hot hydrochloric acid but that further reduction to 
ruthenium (ill) is slower. For this reason, the product obtained is
usually a mixture of ruthenium (ill) and (iv) [60]. This mixture will he
referred to as ruthenium chloride in the present work* Nevertheless,
ruthenium trichloride can be obtained as a monohydrate by evaporating
solutions of ruthenium chloride, either over concentrated sulphuric acid
in vacuum, or in a current of hydrogen chloride [l25;-l2i6jr
If solutions of ruthenium chloride are reduced the brown colour
changes to blua0 Reduction can be carried out electrolytically [l27],
or with chromous sulphate [l28]? sudium amalgam [129?130]> or hydrogen in
the presence of platinum black [l3l]« The oxidation state of ruthenium
in these solutions has been determined by estimating the number of equivalents
of reducing agent required to produce the blue colour. Results obtained
were contradictory until Crowell and Yost [132] established beyond doubt
that the solutions contain ruthenium (il), and that results obtained by
earlier workers were conflicting because the presence of ruthenium (iv) in
the starting material was not fully appreciated*
The constitution of both ruthenium (ill) and (iv) chloride solutions
has attracted considerable attention. Grube and Nann [l2b] found that
freshly prepared solutions of ruthenium trichloride monohydrate contained no
ionised chloride. However, when solutions were allowed to stand, chloride
ion was formed presumably as the result of the reactions
+Ho0 +H_0 + H_0
[HuCl (H20)]------- [RuCl2(H20)2]ci— i>[RuCl(H20)3]cl2--?.*{Ru (H20)4]C13
Although these complexes were reported as four coordinates it was later 
pointed out by Backhouse and Dwyer [l33l that they are more likely to be
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octahedral* These authors consider that the ion [Rud^n^O)^]"1- is present 
in dilute acid solutions hut that with increasing chloride ion concentration 
there will be a tendency for the formation of the complex anions [RuCl^H^O)^] 
and [RuC15(H20)]
.More recently Connick and his co-workers [36; 37.5 38] have studied
the chloro species obtained by completely reducing commercial ruthenium
chloride to ruthenium (ill), either with stannous chloride or by refluxing
in hydrochloric acid over mercury* These species were found to be
kinetically inert and it was therefore possible to separate and study them
by ion-exchange techniques. In order to establish their formulae two
experiments were performed. In one experiment the charge per ruthenium
atom (a) was determined and in the other, 'the charge per species (b). The ratio
b gave the number of ruthenium atoms per species* In this way the 
'a
species R u ^  [RuCl]^+ and- ’tlhLe and trans isomers of [RuCl^]'1*
were identified. Two isomers of the neutral species [RuCl^] were 
also separated in a pure form and identified by direct analysis.
The nature of ruthenium (iv) chloro species has also proved to be 
complicated. Wehner and Hindman [39] studied the colour changes produced 
when hydrochloric acid is added to cationic ruthenium (iv) species, 
prepared in perchloric acid by potentiometric reduction of ruthenium tetroxide^ 
The colour sequence iss-
reddish — ^ yellow ^violet  ^yellow Cl ^O.IM; H+ /0.4M
By means of kinetic and equilibrium studies Wehner and Hindman were able to
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identify the colour changes with the formation of different chloro species* Ihey 
suggested that the violet species is [r^OH^CI^H^O)^] and that this is 
converted to the yellow anionic species [Ru^H^Cl^H^O)] and [Ru(0H)2C1^] 
by the addition of chloride ion, The violet species is formed from 
initial yellow complexes, some of which may be polymeric. Recently 
Pantani [5] has shown that the same species are formed in hydrochloric acid 
solutions of commercial ruthenium chloride0 Ruthenium (iv) species in 
hydrochloric acid and perchloric acid solutions have also been studied by 
ion-exchange techniques [40]„ In addition to species identified by
O i_
¥ehner and Hindman, the species [Ru (0H)2] (llCl<\ 0.07M) and 
[RuClg] ~ (HC1/0.6M) were reported. Although the aqueous chemistry of the 
chloro species of ruthenium has attracted considerable attention, the species 
present in solutions, obtained by dissolving commercial ruthenium chloride 
in water without the addition of hydrochloric acid, are uncertain. It is 
intended to consider this aspect in greater detail in Parts VIII and IX.
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2, Ruthenium Tri-Iodide 
Ruthenium tri-iodide can be prepared by the addition of iodide ion 
to solutions of either ruthenium chloride or ruthenium tetroxide. It is 
of interest to compare the reaction between ruthenium tetroxide and the 
chloride, bromide and iodide ions. The conclusion of Ruff and Vidic [124-]* 
that hydrochloric acid quickly reduces ruthenium tetroxide to ruthenium (IT) 
and then only slowly to ruthenium (ill), has already been mentioned. These 
authors also showed that with hydrobromic acid the ruthenium (iv) stage is 
less important, and that with hydriodic acid reduction proceeds directly 
to ruthenrum (ill). The latter reaction is accompanied by the liberation 
of five equivalents of iodine in keeping with reduction from ruthenium (VTIl) 
to (III) in the tri-iodide,
Ru04 + 8 HI ---> Rul^ + 4 H20 + 51
Ruthenium tri-iodide is a black insoluble anhydrous powder. This 
is in marked contrast to both ruthenium chloride and ruthenium bromide which, 
when prepared in solution, are obtained as hygroscopic products of uncertain 
composition. Thus ruthenium tri-iodide resembles anhydrous ruthenium 
trichloride but it is less stable. A hydrated form of ruthenium tri-iodide 
is not known. It was mentioned in Part II that the literature concerned 
with ruthenium tri-iodide contains a number of inconsistencies relating to 
its composition and stability. For this reason a more detailed account of 
the various preparations will be given.
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The analytical figures reported for ruthenium tri-iodide are summarised 
in the table«
Composition of Ruthenium Tri-Iodide
/6Ru 1o I foSxi 4-
21*00 78*75 99*75
20.01 74*15 94.16
20*9 79*0 99.9
7 ».u
3.0
3.0
3.0
Rul^ requires 20«98^Ru; 79.02^1 
^ Mean of the results reported by Gutbier and Trehkner [59].
 ^Results reported by Charonnat [60],
 ^Mean results reported by ShchukarcT, Kolbin and Ryabov [6l].
Ruthenium tri-iodide was obtained by Gutbier and Trenkner [59] as a 
fine black precipitate, by boiling an aqueous solution of ruthenium chloride 
with potassium iodide. It was reported to be insoluble in potassium iodide 
solution and alcohol, as well as in water. Before analysis the precipitate 
was quantitatively washed free from potassium iodide with water and dried 
in a desiccator.
Charonnat [60] prepared ruthenium tri-iodide by adding an excess of 
potassium iodide to a solution of ruthenium chloride, prepared by dissolving 
ruthenium tetroxide in hydrochloric acid. Although Charonnat's study of 
ruthenium tri-iodide seems to be more thorough than that of Gutbier and 
Trenkner, his analytical figures account for only 94.16^ of the material
present. In this case the precipitate was washed with a concentrated 
solution of potassium iodide, then with a little water and finally with 
alcohol and then ether. Charonnat reported that ruthenium tri-iodide is 
rapidly oxidised in air with loss of iodine even at room temperature.
More recently Shchukarev, Kolbin and Ryabov [6l] have claimed that 
ruthenium tri-iodide is not oxidised in air up to 200° . These authors 
prepared ruthenium tri-iodide by adding a hot aqueous solution of potassium
iodide to ruthenium tetroxide in boiling hydrochloric acid, The precipitate
was washed with a 3i° solution of potassium iodide, water and then alcohol
and finally dried in vacuum over sulphuric acid.
Prom the account given it is evident that the results of Charonnat 
are not consistent with those of other authors. The contradictory claims 
of Charonnat and Shchukarev, Kolbin and Ryabov about the ease of oxidation 
of ruthenium tri-iodide seem to be inexplicable. It was this aspect, in 
particular, which prompted a further investigation into the nature of 
ruthenium tri-iodide.
THE REACTION BETWEEN COMMERCIAL RUTHENIUM CHLORIDE
AND
POTASSIUM IODIDE
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1. PRELIMINARY EXPERIMENTS
The reaction "between aqueous solutions of commercial ruthenium 
chloride and potassium iodide has been used to prepare ruthenium tri-iodide 
in the present work. This was the first step in the preparation of 
ruthenium nitrosyl di-iodide from the commercial chloride. 'The method is 
described in more detail in Part V0 Two important observations were made 
in connection with this reaction. Firstly, free iodine is always liberar- 
ted and secondly, precipitation of the ruthenium is never complete. As 
mentioned in Part II, the reaction is clearly not one of simple double de­
composition.
Experiments were carried out at different temperatures to ascertain 
the effect of temperature on the proportion of ruthenium precipitated. In 
each case a three molar excess of potassium iodide was added to a weighed 
quantity of commercial ruthenium chloride (containing 32.6^ Ru) in 
aqueous solution and the mixture stirred. After one hour it was filtered 
through a weighed sintered glass crucible (porosity 4). The precipitate 
was washed with an aqueous solution of potassium iodide followed by water 
and then sucked dry and weighed. The precipitate was analysed for 
ruthenium and the proportion of ruthenium precipitated was calculated.
The filtrate was examined for the presence of free iodine by adding starch 
solution to a small aliquot diluted with water.
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The results obtained are shown in the table.
Table 1.
Temperature &n used Ru pp^d. ^Ru pptd.
°c S g
5 0.316 ca.0.031 oa. 9.7
19 0.590 0.370 62.8
95 0.449 0.367 81.7
In each case free iodine was liberated and even after it had been re­
moved by adding an excess of sodium thiosulphate the filtrate remained 
black. This confirmed that precipitation of ruthenium was incomplete#
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2, NATURE OF COMMERCIAL RUTHENIUM CHLORITE
Commercial ruthenium chloride is a dark brown powder. It is ex­
tremely hygroscopic and samples left exposed to the atmosphere rapidly 
become damp and almost black. It dissolves in water to give almost black 
solutions* Even in solutions containing only 10 ^ g. atom Ru, 1.^ a brown 
colour still persists. Fresh solutions prepared from dry samples of 
commercial ruthenium chloride did not seem to contain free chloride ion but 
it was formed within a few minutes. As expected, fresh solutions prepared 
from damp samples contained free chloride ion. Solutions vdiich were allowed 
to stand slowly deposited a brown solid which was almost certainly hydrated 
ruthenium dioxide.
Analysis of commercial ruthenium chloride gave : 3 2.6f<Ru;
b2,lf£±; Ru ; Cl = 1 : 3.68,
(b) Proportion of Ruthenlum(lV)
The liberation of iodine in the reaction between aqueous solutions 
of commercial ruthenium chloride and potassium iodide indicates that the 
commercial product contains ruthenium(lV), The proportion of ruthenium(lV) 
was determined by estimating the free iodine liberated and assuming that 
one equivalent of iodine was liberated in the reduction of one g.atom of 
ruthenium(lV) to (ill) :~
Ru(lV) + 41 — y Ru(lU)l^ + I
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Commercial ruthenium chloride (4 to 11 mg.) was weighed into a 
conical flask and water (about 150 ml.) was added. An excess of potassium 
iodide was added and the iodine liberated was immediately titrated against 
a standard solution of sodium thiosulphate using a micro-burette and starch 
as indicator. A second series of experiments m m  carried out in which two 
hours were allowed to elapse before the iodine liberated was titrated. As 
mentioned in Part III the dark colour of the solutions made it necessary 
to use only small quantities of commercial ruthenium chloride if the end­
point was not to be obscured.
Table 2,
’onortic)n of RutheniumClV) in the Commercial Chloride
Wt. of Ru liberated Ru(lV) Ru(lV)
~Ru
mg m.equiv. mg
1 2.8 0.0183 1.85 66
2,9 0.0196 1.98 68
3.9 0.0244 2.47 63
2 3.1 0.0250 2.53 82
3.1 0.0254 2.57 83
1.4 0.0108 1.09 78
1
immediately titrated
p
titrated after two hours.
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It was observed that iodine accumulated in all the titrated solutions*
The magnetic susceptibility of both solid commercial ruthenium 
chloride and its solutions we re measured using the G-ouy method. The 
relevant details are given in Part III. The hygroscopic nature of 
commercial ruthenium chloride made it necessary to use a dry-box when 
filling the G-ouy tube with the solid.
O
Table 3.
Temperature
°K BoMa
Solid 292 96.6 0*48
Solution 1 hour old 292 28.7 0.31
Solution 1 day old 292 174.6 0*64
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3* NATURE OF AQUEOUS SOLUTIONS OF COMMERCIAL 
RUTHENIUM CHLORIDE
The conductivity of aqueous solutions of commercial ruthenium
chloride was measured using the apparatus described in Part III. The
-2
molar conductance of a freshly prepared solution containing 10 g# atom
-1 . -1
Ru 1. was approximately 800 ohm, • This increased when the solution
was allowed to stand and even more so when it was diluted. The pH of the 
freshly prepared solution was 1.7.
(b) Ion-Exchange Experiments
A number of ion-exchange experiments were carried out in an attempt 
to isolate cationic and anionic ruthenium species.
In these experiments, columns containing cation exchange resins 
were loaded with a dilute aqueous solution of commercial ruthenium chloride.
The cation exchange resins used were sodium and hydrogen forms of ZecHKarb 225> 
&fo DVB, 0.9 - 1*1 W.Ro It was observed that irrespective of the form of 
the resin it was always stained black. A microscopic examination of 
the resin beads showed that they were covered with a black deposit. When 
the columns were washed with water, the washings were slightly brown—coloured 
and contained small amounts of ruthenium. It was not found possible to 
elute these columns, using acids or solutions of sodium chloride.
Columns containing anion exchange resin were also loaded with the
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same solution of commercial ruthenium chloride. The resins used were 
chloride, perchlorate and nitrate forms of De-Acidite FF, 3 - average 
cross-linking, 1.0 - 1.5 W.R. It was observed that these columns were 
slightly stained and again it was not possible to elute them.
It was evident from these experiments that true ion-exchange 
was not taking place and for this reason the experiments were not
continued,
(c) Ultra-
The ultra-violet and visible spectra of aqueous solutions of
-4 -1
commercial ruthenium chloride containing 0.94 x 10 g. atoms Ru 1. were 
measured using 1 cm. quartz cells. Measurements were made on a freshly 
prepared solution and on solutions allowed to stand for 12 hours and one 
week. The solutions that had been allowed to stand wrere filtered to 
remove hydrated ruthenium dioxide before measurements were made. All 
the solutions exhibited Tyndall cones.
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Table 4.
epared Solution
Wavelength
m{i
Optical
Density
Wavelength
mp
Optical
Density
Wavelength
mp
Optical
Density
220 0.448 360 0.203 500 0.119
230 0.386 380 0.188 510 0.116
240 0.330 390 0.181 520 0.114
248 0.309 400 0.177 540 0.112
238 0.296 410 0.171 560 0.105
268 0.286 420 0.161 580 0.096
278 0.277 430 0.159 600 0.089
288 0*275 435 0.160 625 0.090
294 0.276 440 0.159 650 0.080
300 0.272 .445 0.160 675 0.075
310 0.264 450 0.159 700 0.076
320 0.255 460 0.151 725 0.075
330 0.238 470 0,145 750 0.074
340 0.227 480 0.130 775 0.074
330 0.215 490 0.124 800 0.072
Solution 12 hours__old
Wavelength
mfi
Optical
Density
Wavelength
mp
Optical
Density
Wavelength
mji
Optical
Density
220 0*368 360 0.135 500 0.078
230 0,292 370 0.130 520 0.076
240 0.233 380 0.123 540 0.072
250 0.226 390 0.117 560 O.O64
260 0.211 400 0.113 580 0.062
270 0.198 hio 0,112 600 0.061
280 0*193 420 0.110 625 0.056
290 0.187 430 0.103 650 0.054
300 0.180 w > 0.100 675 0.050
310 0.174 450 0,095 700 0.02,6
320 O.I69 460 0.092 725 0.045
330 0.160 470 0.088 750 0.042
340 0,150 480 0.C8 3 775 0.040
350 O0I42 490 0.082 800 0.038
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Solution 1 week old
Wavelength Optical
mjj. Density
220 0.314
230 0.228
240 0.195
250 0.180
260 O0I63
270 0,158
2.80 0.153
290 0.149
300 0.147
310 0.142
320 0.137
33 0 0.130
340 0.127
350 0.118
Table 6.
Wavelength Optical
mp Density
360 0.113
370 0.107
380 0.108
390 0.108
400 0.104
410 0.101
420 0.099
430 0.095
W > 0.091
450 0.087
460 0.084
470 0.080
480 0.078
490 0.075
Wavelength Optical
mji Density
500 0.072
520 0.066
540 0.064
560 0.060
580 0.056
600 0.055
625 0.052
650 0.051
675 0.048
700 0.045
725 0.044
750 0.041
775 0,038
800 0.038
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4, RELATIONSHIP BETWEEN RUTHENIUM PRECIPITATED 
AND IODINE LIBERATED
(a) Commercial Ruthenium Chloride
It has already been shown that in the reaction between aqueous 
solutions of commercial ruthenium chloride and potassium iodide precipita­
tion of the ruthenium is incomplete. Experiments were carried out to de­
termine whether there was any relationship between the proportion of 
ruthenium precipitated and the iodine liberated.
In some of these experimexits the commercial ruthenium chloride was 
first dried at llu° for up to two weeks. It vias found that when dried
in this way both water vapour and chlorine were evolved and after two weeks 
the Ru : Cl ratio was 1 : 3^.0. The heated products contained less 
ruthenium(lV) than the commercial product. Commercial ruthenium chloride 
and the heated products were used so that experiments could be carried out 
with starting materials which contained different ratios of ruthenium(IV) : 
ruthenium(lll).
In a typical experiment a three molar excess of potassium iodide was 
added to commercial ruthenium chloride (0,3 &•) dissolved in water (250 ml.). 
The mixture was stirred. After one hour the iodine liberated was deter­
mined by titrating with a standard solution of sodium thiosulphate. This 
was carried out in one of two wayss the iodine was determined either in 
the presence of the precipitate using the potentiometric method described
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in Part III, or after the precipitate had been filtered off. In the latter 
case, either the potentiometrio method was used, or a small aliquot of the 
filtrate was diluted with water and starch used to detect the end-point.
The precipitate was collected in a weighed sintered glass crucible (poro­
sity if), washed with water, sucked dry and weighed. The precipitate was 
then reduced to ruthenium in a stream of hydrogen and the proportion of 
ruthenium precipitated was calculated.
The results obtained are shown in the table.
Table 7-
Ru used I lib. Ru pptd. Ru pptd. I lib.2
m*3quiv. m.equiv m.Gquiv. % Ru pptd.
1.060 10o759 0.732 69.1 1.04
0.721 20.491 0.559 77.5 0.88
3.121 21.356 1.564 50.1 0.87
2.691 ■huns 1.037 38.5 1.08
0.580 10.251 0.222 43.7 1.13
^ iodine determined in the presence of the precipitate. 
o
iodine determined after removing the precipitate.
It was observed that in the potentiometrio method readings were 
unsteady in the region of the end-point Y/hen the titration was carried 
out in the presence of the precipitate. As mentioned in Part III this
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was due, at least in part, to the continued liberation of iodine. This
particular aspect was investigated in two further experiments.
In the first, Y/hich involved a series of experiments, a number of
samples of commercial ruthenium chloride were stirred ?ri.th potassium iodide
in aqueous solution for periods varying from one hour up to two days. The
I liberated
iodine liberated was then determined and the ratio — — -r-~—  was cal-Ru used
culatedc It was found that for a reaction period of one hour this ratio 
was 0.71 and that for a reaction period of two days it was 1.0. Preci­
pitation of the ruthenium was incomplete in all the experiments. It 
was again observed that iodine accumulated in the titrated solutions. 
However, after the precipitated ruthenium had been filtered off no further 
liberation of iodine occurred.
In the second experiment the iodine was titrated as it v*as liberated*
In this case it was found that after only twelve hours the ratio 
I liberated
Ru used 
incompletet
was 1.8 even though precipitation of ruthenium was again
(b) Ruthenium(lll) Chloride
An investigation was carried out into the reaction between 
aqueous solutions of ruthenium(lll) chloride species and potassium 
iodide. Ruthenium(lll) chloride species were prepared by refluxing 
commercial ruthenium chloride (5 g.) in 0.3M hydrochloric acid (100 ml.) 
over mercury for 24 hours, according to the method of Connick and Pine [37]*
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The mixture obtained was filtered. The filtrate was a blue-green colour 
due to the presence of ruthenium(ll). It was allowed to stand until 
this colour changed to brown. An aliquot was analysed for ruthenium 
and the rest of the filtrate was treated with an excess of potassium 
iodide and stirred for one hour. The mixture was then filtered and 
the filtrate examined for the presence of iodine* It was found that 
both the amount of precipitate obtained and the amount of iodine liberated 
were negligible„
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5 . REACTION BETWEEN RUTHENIUM TETROXIDE AND IODIDE ION
Although the reaction between ruthenium tetroxide and iodide ion 
also gives a precipitate of ruthenium tri-iodide it seems that this reaction 
is quite different from that involving commercial ruthenium chloride. 
According to previous Y/orkers five equivalents of iodine are liberated 
which suggests precipitation is quantitative. It was decided, therefore, 
to re-investigate this reaction to establish yAi ether this was so. Pota­
ssium iodide and iodine-free hydriodic acid v/ere used as sources of 
iodide ion.
In a typical experiment dilute hydrochloric acid (200 ml.) was 
added to ruthenium tetroxide (0.1 g.) followed by an excess of iodine-free 
hydriodic acid. The mixture ?;as stirred for one hour after which the 
iodine liberated v/as determined using the potentiometrio method. The 
mixture was then filtered and the precipitate washed with water.
Ruthenium tetroxide is a yellow solid with a m.p. about 25°. It 
was found that a convenient way of obtaining small quantities was by 
warming the solid gently to obtain a heavy yelloY/ liquid and then removing 
a suitable volume by means of a dropping pipette. Iodine-free hydriodic 
acid was obtained by treating a nearly boiling solution of the commercial 
product with 50% hypophosphorous acid until the iodine colour was dis­
charged and then distilling in an atmosphere of nitrogen [ 134-,p,279].
The results obtained are shown in the table. The filtrate obtained 
when the precipitate was filtered off was colourless showing that all the 
ruthenium had been precipitated.
Table 8.
RuO. I liberated Ru left in I9 liberated
solution .  -- -
: V  e quiv. Ru m. e qui v. u
2.793 0 4.9
10«0757 0.373 0 5.0
20.158 0.772 0 4.9
20.156 0.795 0 5.1
2b1.699 8.340 0 4.9
■^hydriodic acid used 
2
potassium iodide used
2breaction carried out in an atmosphere of nitrogen
In these experiments it was observed that ruthenium tetroxide 
dissolved only slowly in dilute hydrochloric acid and when the iodide ion 
was added most of it was still undissolved. If hot hydrochloric acid 
was used the tetroxide dissolved more rapidly to give a brown, instead of 
a yellow, solution. Undoubtedly the brown colour is due to the formation 
of ruthenium chloride and it would therefore be expected that addition 
of iodide ion would result in incomplete precipitation of the ruthenium.
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This was investigated by carrying out the reaction according to 
the method of Shchukarev, Kolbin and Ryabov [6l]. Dilute hydrochloric 
acid was added to a weighed amount of ruthenium tetroxide. The mixture 
was brought to the boiling point and a slight excess of potassium iodide 
in hot aqueous solution was added. The mixture was allo?7ed to stand for 
20 hours in the cold. The free iodine liberated was determined. The 
mixture was then filtered through a filter paper (Whatman 540 ) and the pre­
cipitate washed with water. The filter paper and precipitate were ignited 
and then reduced to metal.
Table 9.
m.equiv. Ru
I Ru pptd. ^Ru pptd* 
Ru
g
0.2176 2.153 2.244 1.0 0.1324 60.8
0o5591 3.330 4.409 0.8 0.34-93 62.5
NATURE OF RUTHENIUM TRI-IODIDE
(a) Properties end Analysis
The investigation into the composition of ruthenium tri-iodide 
was concerned with two particular features, namely the Ru : I ratio, and 
the absolute amounts of ruthenium and iodine present in the precipitate.
A number of samples of ruthenium tri-iodide were prepared from both 
commercial ruthenium chloride and ruthenium tetroxide. In each case the 
precipitates were washed, dried and then analysed. In the preparations 
from ruthenium tetroxide it was necessary to add five equivalents of 
sodium thiosulphate before filtering off the precipitates. Without this 
precaution the precipitates always contained adsorbed free iodine.
Table 10.
Composition of Ruthenium Tri-Iodide
/&Ru fa % li\L + fo l I/Ru Comments 
Washing Procedure
1. 20.5 77.6 98.1 3.0 KI soln.yligO, dried over p2°5
la. 22*4 73.2 95.6 2.6 KI soln.jH^O, dried over P 0
2 5
2. 19.6 77.4 97.0 3.1 Ho0, dried over P^0_ 2 2 5
3. 21.6 76.0 97.6 2.8 H20, EtOH, Et20
4. 20.0 77.3 97.3 3.1 H20, dried over E^SO^
5. 21.5 73.3 94.8 2.7 KI soln., H20, dried over P20
6. 20.8 75.9 96.7 2.9 H20, dried in vacuo over H2S\
Sample la. was obtained by washing 1. with a large quantity of 5% KI soln.
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The analytical figures shov/ that the i/Ru ratio can be significantly 
less than that expected. Although this appeared to be associated 7/ith the 
washing procedure, it was thought that some loss of iodine did occur during 
drying. For this reason a number of damp specimens 7/ere prepared for analysis.
Table 11.
^Ru %I I/feu Washing Procedure
12*2 42.8 2.8 KI soln., H20
20. A 67.3 2.6 Previous specimen dried
11.3 42.1 3.0 h2o
22.3 67.5 2*4 Excess KI soln., H20
It is evident from these results that the 7/ashing procedure is ex­
tremely important. Extensive washing either with potassium iodide solution 
or to.th organic solvents led to low ratios. Iodine was clearly evident 
in the washings even after large amounts of solvent had been used*
These experiments show that it is difficult to obtain a product 
with an i/Ru ratio of 3«0o This was clearly demonstrated in the following 
experiment, A sample of ruthenium tri-iodide containing adsorbed free 
iodine was prepared from ruthenium tetroxide. The precipitate 7/as washed 
with water, sucked dry and part of it analysed. The remainder 7/as 7/ashed 
slowly 7/ith a 5^ solution of potassium iodide (500 ml.), then with water, 
sucked dry and analysed. The analytical figures are shoT/n in the table*
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Table 12.
fdELu %I I/Ru
Starting Material 13.1 60.4- 3.7
Product 21.2 67.8 2.3
(t) Magnetic
The magnetic susceptibility of a number of samples of ruthenium 
tri-iodide were measured using the G-ouy method.
Table
Sample Temperature
°K
•Si r 
x 10 B.M.
3 297.4 175.2 0,65
4 292 206.5 0.70
6 292 166.3 0.63
DISCUSSION 2.
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1. THE REACTION BETWEEN COMMERCIAL RUTHENIUM CHLORIDE
AMD POTASSIUM IODIDE
The work described in Part VIII was carried out primarily to 
establish the reason for the incomplete precipitation of ruthenium and the 
liberation of iodine in the reaction between aqueous solutions of commercial 
ruthenium chloride and an excess of potassium iodide. The experimental 
results provide further information concerning the nature of both commercial 
ruthenium chloride and ruthenium tri-iodide.
Although in the present work ruthenium tri-iodide has been prepared 
from the readily available commercial chloride, it can be obtained by the 
action of iodide ion on a number of ruthenium compounds. In many of these 
reactions free iodine is also formed. This is readily explained in terms 
of reduction of ruthenium from an oxidation state higher than that of 
(ill) which is present in ruthenium tri-iodide,
liu(N) + Hl“ — *- Bu (III)I + (N - 3)1
The oxidation state of ruthenium in a number of compounds has been fixed 
by determining the iodine liberated in this ?/ay [ 60;132 ;135] . Cady and 
Connick [36] following earlier workers have assumed that if no iodine is 
liberated, then oxidation states higher than (ill) are not present.
The liberation of free iodine in the reaction between commercial
ruthenium chloride and potassium iodide is undoubtedly due to reduction 
of ruthenium(rv). The presence of ruthenium(iv) in the commercial product 
would be expected from the method of its preparation. This involves 
distilling ruthenium tetroxide into hydrochloric acid and as pointed out 
in Part VII this reaction generally leads to a mixture of both ruthenium(lll) 
and (IV) chlorid.es. Estimation of the iodine liberated showed that 
freshly prepared solutions of commercial ruthenium chloride contain about 
ruthenium(iv)a The percentage rose to about 81$ in solutions which 
were allowed to stand for two hours before titrating the free iodine.
The analytical figures for the commercial chloride showed a 
Hu s Cl ratio of 1 : 3-68, If it is assumed that the only ruthenium 
species present are PuCl^aqu. and RuCl^aqu. this corresponds to 68$ ruth- 
enium(lV). Although there is close agreement between the percentage of 
ruthenium(lV) calculated from the formula on the basis of these assumptions 
and that obtained iodometrically, the solid is undoubtedly more complex 
than this suggests. This is shown by the presence of ruthenium(iv) in 
samples of commercial ruthenium chloride dried at 110° which analysed to 
a Ru i Cl ratio of 1 i 3*0. According to Fletcher and his co-workers [119] 
such dried samples consist largely of [Ru^O]^* complexes. Nevertheless, 
the effect on the constitution of commercial ruthenium chloride by heating 
in this way is still rather uncertain. However, for practical purposes 
these dried products are more tractable than the commercial product 
because they seem to be rather less hygroscopic.
Since the reaction between ruthenium tetroxide and hydrochloric acid 
is complex, different samples of commercial ruthenium chloride might be 
expected to have different compositions. The composition of the final 
product will depend on a number of factors including the concentration of 
the acid, temperature, reaction period, and evaporation procedures. From 
the results obtained by Ruff and Vidic [ 124] it would seem that the use 
of concentrated acid and a long reaction period would result in a high pro­
portion of ruthsnium(lll). However, it is not clear whether this reaction 
can give pure ruthenium(lll) chloride without employing rather specialised 
conditions [ 125;126 ]• The commercial chloride used by Pantani [5] was 
shovm to contain mainly ruthenium(iv) even though its analysis gave A3*7$ 
end A60I$ Cl which correspond to a Ru : Cl ratio of nearly 1 : 3* Sawyer, 
Georgs and Bagger [ 136] found that commercial ruthenium chloride contained 
85$ ruthenium(rv) although no analytical figures were given. It is evident 
from this that although the commercial chloride used in the present work 
contains about 65$ ruthenium(lV) other samples do contain different amounts.
In Part VIII experiments are described in which both the iodine 
liberated and ruthenium precipitated were determined when aqueous solutions 
of ruthenium chloride were treated with potassium iodide. Both the commer­
cial and dried samples were used thus providing starting materials with 
a range of different ruthenium(lll) : ruthenium(lV) ratios. The results 
are given in Table 7. Although these show a rough correspondence between
the iodine liberated and ruthenium precipitated it was not possible to 
clearly establish a stoichiometric ratio. There appear to be two main 
ree^ sons for this :-
(1) Precipitation of the ruthenium tri-iodide in a filterable form at 
room temperature is slow8 The results show that less than 80$ of the 
ruthenium is precipitated within one hour and that even after two days 
precipitation is still incomplete. In contrast to this,reduction of 
ruthenium(iv) to a n )  appears to be rapido This is shovm in the iodo- 
metric determination of the proportion of ruthenium(lV) in the commercial 
chloride, where some 65$ of the ruthenium is reduced within a few minutes. 
It is of significance that over a reaction period of two days the number 
of equivalents of iodine liberated exceeded the number of equivalents of 
ruthenium used in the experiment.
(2) A further problem associated with this work was the difficulty of 
accurately determining the iodine liberated in experiments where large 
amounts of precipitate were also formed. The results show that if the 
iodine is determined in the presence of the precipitate the ratio
2 is somewhat greater than 1,0. Furthermore, the end-point
Ru pptd„
was not sharp because of continued liberation of iodine. If the free 
iodine was titrated in solution after the removal of the precipitate then 
the ratio was found to be rather less than 1 .0 due to adsorption of free 
iodine by the precipitate.
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The slow accumulation of iodine in titrated solutions is of interest. 
There are a number of possible explanations for this. It may result either 
from catalytic oxidation of potassium iodide or during reduction of 
ruthenium(IV), formed by aerial oxidation of ruthenium(lll) chloride species. 
Certainly it is not formed as a result of further reduction to ruthenium(ll). 
The redox potentials of the Ru(iv) - Ru(lll) and Ru(lll) - Ru(ll) 
couples in hydrochloric acid have been reported by Backhouse and Dwyer to be 
0.96 v [133] 0*084 v [6] respectively, whereas that of the couPle
is • 0.53 v. Thus potassium iodide reduces ruthenium(iv) to (ill) but no 
further. It is significant that further liberation of iodine in titrated 
solutions is negligible when the precipitate is removed. This latter fact
suggests that this slow accumulation of iodine is due to hydrolysis of the
I_ liberated , . , ...
precipitate. This would account for the ratio 2 Deing sligntiy
Ru pptd.
greater than 1 when the iodine is determined in the presence of the 
precipitate.
The fact that there is at least broad correspondence between the 
amount of ruthenium precipitated and the iodine liberated suggests that the 
precipitate is formed from ruthenium(lV) species only and not from ruthen­
ium^ III). To confirm this, ruthenium(lll) chloride species were prepared 
and treated with potassium iodide. In keeping with these ideas only a 
negligible amount of precipitate was observed. That ruthenium tri-iodide 
is not formed from ruthenium(lll) chloride is unexpected. This observation
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provided a further reason for reinvestigating the nature of ruthenium 
tri-iodide.
An account has already been given in Part VII of various preparations 
and analyses for ruthenium tri-iodide. Reference was made to the analytical
figures of Charonnat [60] which accounted for only 94.16$ of the material, 
in contrast to those of G-utbier and Trenkner [59] and Shchukarev, Kolbin 
and Ryabov [6l] which accounted for more than 99.5$* The results obtained 
in the present work are shown in Table 10* The analytical figures are in 
general agreement with those of Charonnat, The results also show that 
unless great care is taken Ru : I ratios of much less than 1 : 3 ob­
tained,, This is an important factor which has not been reported by 
previous workers. Although some iodine is lost on prolonged drying the 
most important factor is the mode of crashing. If the precipitate is 
washed ?ri.th water and analysed still wet a Ru ; I ratio of 1 : 3*1 c&n he 
obtained,, If, however, the precipitate is washed vd.th potassium iodide 
solution the Ru : I ratio can be less than 1 ; 3 and after prolonged washing 
can be as low as 1 : 2.4> Prolonged washing with alcohol produced the 
same result. What is perhaps more significant is that when a dry sample 
is obtained with a Ru : I ratio of 1 : 3*1 the analytical figures are still 
short of 100$.
The ease with which iodine can be removed from the precipitate by 
washing with potassium iodide is: illustrated in the hydrolysis experiment.
Ths result of this experiment is shown in Table 12. Undoubtedly this 
ease of hydrolysis does account for the slow liberation of iodine in 
titrated solutions containing the precipitate.
No evidence was found for the formation of a tetraiodide which 
confirms the conclusions of Ruff and Vidic [124]. Where the Ru : I 
ratios are greater than 1 : 3.0 the increase is probably due to adsorbed 
free iodine. As expected this was found to be particularly common in 
samples prepared from ruthenium tetroxi.de where large amounts of free iodine 
are liberated. These experiments show that obtaining a product with a 
Ru : I ratio of 1 ; 3.0 is almost fortuitous. Ruthenium tri-iodide, with
a Ru : I ratio of 1 : 3-0, is most successfully prepared from the commercial 
chloride. The precipitate obtained is washed with water,or with a little 
potassium iodide solution followed by water, sucked as dry as possible and 
finally dried over phosphorus ponioxide*
No difference was.observed between ruthenium tri-iodide prepared 
from ruthenium tetroxide and that prepared from the commercial chloride, 
when the former was so prepared that adsorption of large amounts of free 
iodine was prevented. It has been confirmed that five equivalents of 
iodine are liberated in the preparation from the tetroxide. It is 
interesting to note that under similar conditions osmium tetroxide liber­
ates only four equivalents of iodine and is converted into the soluble 
mixed halide K20sC15 75I0 25 End other Products of osmium(lV) [137].
Undoubtedly, this reflects the increased importance of this oxidation state 
for osmium.
In addition, it has been shown that precipitation of ruthenium fhom 
the tetroxide is quantitative and this is independent of the source of the 
iodide ion. The results of these experiments are shown in Table 8» 
Furthermore, it was found that there was no change in the course of the 
reaction when carried out in the absence of oxygen« It follows from the 
equation already given in Part VII s-
RuO. *  8HI — -V  Rul_ + 4HL0 + 514 3 2
that the oxidation state of ruthenium in the tri-iodide is (ill). Although
this is the expected result, there still remains the problem raised by
the analytica3. figures which do not add up to 100$.
If the ruthenium tetroxide is heated with hydrochloric acid before
the addition of the iodide ion then precipitation is incomplete. This is
to be expected since it is under these conditions that ruthenium chloride
is formed. The results, which are given in Table 9, show that the ratio 
X llbOiFQ/fcGcL2 is greater than 1. It would appear that some ruthenium was
Ru ppti.
present in an oxidation state higher than (IV).
The magnetic moment of ruthenium tri-iodide, prepared from either 
ruthenium tetroxide or the commercial chloride, is O.63 - 0.70 B.M., which 
is low for ruthenium(lll) compounds. Reference vrns made to the magnetic 
moments of ruthenium(lll) and (IV) compounds in Part I, where it was
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point e a out that these are usually close to the spin-only values expected 
for one or two unpaired electrons respectively. Mention was also made of 
the salt wbich is diamagnetic [49] even though it involves
ruthenium(iv). The lack of paramagnetism in this salt has been explained 
on the basis of a linear Ru - 0 - Ru system [50]• Fletcher [45] has re­
ported a number of other ruthenium(iv) species in solution which have a re­
duced paramagnetism of about 0.9 - 1.0 B.M. Presumably these also involve 
a Ru - 0 - Ru system*
Examples of ruthenium(lll) compounds showing an unexpectedly low 
magnetic moment are less numerous. Fletcher and his co-workers [52], in
a recent study of the ruthenium red cation, report a magnetic moment of
6+
0.77 B.M. per Ru atom for the ion [Ru^2^^3^14^ ’^ ie averaSe
oxidation state of the ruthenium is This result suggests that a low
magnetic moment may be possible for ruthenium(ill) compounds.
It is possible to explain the analytical figures for ruthenium 
tri-iodide if the formula RuI,H 0 is postulated. This formula requires:-
j 2
20.2$ Ru; 76.2$ I; 5-6$ 3^0 
If the customary coordination number of six is maintained there must be 
iodo-bridging between the ruthenium atoms. Such a polymeric structure 
would accord with its insolubility but it would not be expected to show 
the observed reduced paramagnetism. Furthermore, infra-red spectra 
studies of ruthenium tri-iodide failed to confirm the presence of water.
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The infra-red spectra of samples dried over phosphorus pentoxide. for two 
days showed no peaks associated with water. Thus it appears that neither
coordinated vrater nor moisture was present. A difficulty associated with
this work was the slow hut constant loss of iodine which became significant 
when the compound was dried for extended periods. It is not possible to 
dry ruthenium tri-iodide at 100° because the loss of iodine becomes more 
rapid#
Another possible explanation for the analytical figures of ruthenium
tri-iodida is that the structure involves oxo~bridging. Such a structure
might well give rise to the observed low magnetic moment. Since ruthenium
tri-iodide contains ruthenium (ill) an oxo-bridged polymer must have a
formula of the form IL [Rul)!,] “ if it is to be neutral. A compound2n a o n
like this might well be expected to exhibit ion-exchange properties# 
Attempts were made to detect such properties by crashing a column of the 
tri-iodide with sodium chloride solution. If the precipitate had ion- 
exchange properties then the washings would be expected to be acid.
H [Ru-OlJ + 2nNa+ Na0 [Ru 0 1 +  2nH+
2n 2 6 n 2nL 2 fe n
It was found that the pH of the washings was the same as that of the 
initial solution# On the basis of this result it would seem that this 
formula is also unlikely#
It is evident that the information available is insufficient to fix 
the formula of ruthenium tri-iodide with certainty# Since it contains
ruthenium(ill) it is most reasonable to postulate that the initial precipi­
tate is Rul^ aqu, It is not possible to say whether this involves co­
ordinated water or just moisture. Furthermore, there is no obvious reason 
why the action of iodide ion on ruthenium tetroxide should result in an 
insoluble product whilst both chloride and bromide ions give soluble products. 
It may be significant that ruthenium chloride and bromide obtained in this 
way contain varying amounts of ruthenium(r), Insoluble ruthenium(lll) 
chloride and bromide can only be prepared by direct union of the elements 
whereas ruthenium tri-iodide cannot be obtained in this way. If it is 
assumed that in drying ruthenium tri-iodide some oxidation takes place 
to give oxo-bridging between ruthenium(lV) atoms, such a structure v/ould 
account for the lack of paramagnetism and also for the analytical figures 
of the dried material.
At 300° oxidation of ruthenium tri-iodide is rapid and Shchukarev, 
Kolbin and Ryabov [6l] have shown that this proceeds in one step to 
ruthenium dioxide. Presumably it involves replacement of iodo-bridges 
by oxo-bridges. This reaction is accompanied by little change in the 
magnetic moment* In the present ?rork, the magnetic moment of a sample of 
ruthenium dioxide, prepared by heating the tri-iodide, was found to be 
0.70 B .Mo This is in close agreement with the value 0.62 B.M. previously 
reported [48,p. 448}*-
Charonnat [ 60] found that ruthenium tri-iodide is oxidised at room
temperature and the present work confirms this, but Shchukarev, Kolbin and 
Ryabov [ 6l] have claimed that it is not oxidised in air up to 200°# Poly­
thene stoppers of containers used to keep samples of the tri-iodide, prepared 
during the course of the present work, became stained with iodine to.thin 
a few days* Apart from the quantitative experiments carried out, this 
simple observation casts considerable doubt on the reliability of Shchukarev, 
Kclbin and Ryabov’s conclusions. Although oxidation is slow at room 
temperature it is accelerated by washing the precipitate with potassium 
iodide solution,, It is not known for certain whether this washing in­
volves hydrolysis* However, it is significant that organic solvents such 
as alcohol, ether and benzene also remove iodine. Furthermore, the infra­
red spectra of ’hydrolysed’ samples do not show OH stretching frequencies.
It seems more likely, therefore, that by washing the precipitate with 
these solvents the free iodine is removed so permitting more rapid aerial 
oxidation,, This is consistent with the observation already made that 
iodine is liberated from the precipitate in titrated solutions more rapidly 
if it is removed as it is formed than if it is allowed to accumulate.
It is interesting that the precipitate of ruthenium tri-iodide is 
not obtained from solutions containing rathenium(III) chloride species*
These species include RuCl^+, PuCl* RuC-1^  [3^j37j38] flight
expected that in the presence of an excess of iodide ion the corresponding 
iodo species would be formed. If this is the case then evidently such
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iodo species are soluble* However, as pointed out in Part I, no iodo
species of this type have as yet been reported*
It has already been .shown that freshly prepared solutions of commercial 
ruthenium chloride contain about 65% ruthenium(lV) and the reasonable assump­
tion has been made that the composition of the solid is similar. The 
magnetic moment of the solution was found to be 0*27 - 0*64 B.M, and that 
of the solid 0*47 B.MC These figures are consistent ¥/ith a high proportion 
of the rutheniumf IV) having reduced paramagnetism by virtue of super-exchange 
in the Ru - 0 - Ru system.
Both the low pH of aqueous solutions of commercial ruthenium chloride 
and their high conductivity show them to be extensively hydrolysed. This 
is confirmed by the presence of free chloride ion, Pantani [5] has shown 
that in such solutions 88% of the chloride exists as free ion after only 
30 minutes. In the present work it has been shown that both fresh and 
aged solutions show Tyndall cones. It appears, therefore, that solutions 
of ruthenium chloride contain mainly colloidal oxo-bridged polymeric 
hydroxy aquo species.
Undoubtedly the presence of colloidal species in solutions of 
ruthenium chloride explains why ’true* ion-exchange did not occur in the 
ion-exchange experiments carried out. In these experiments it was ob­
served that most of the ruthenium was adsorbed on to the cation exchange 
resin. This suggests that most of the ruthenium is cationic. That small
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amounts of ruthenium were slowly eluted off resins by washing with water 
or acids is almost certainly due to hydrolysis.
Polymeric ruthenium(lV) species in non-complexing media, which may 
well be similar to those present in aqueous solutions of commercial ruthen­
ium chloride, have recently been studied. G-ortsema and Cobble [138] showed 
that polymeric species are formed 7/hen aqueous solutions of ruthenium 
tetroxide are reduced with hydrogen peroxide or ferrous ion. These species, 
which they suggest are built up by the addition of RuO^oXH^O or
to monomeric ruthenium(lV), are able to induce the oxidation 
of the bound water. Atwood and De Vries [139] have shown that depolymeri­
sation of polymeric ruthenium(lV) species in perchloric acid occurs on 
contact with ion exchange resins. This work has been considerably extended
by G-ortsema and Cobble [140] v/ho confirmed the identity of the monomer as
2+
the ruthenyl ion KuO •
The ultra-violet and visible spectra of aqueous solutions of commercial 
ruthenium chloride recorded in the present wcrk are very similar to that 
reported by Wehner and Hindman [39] for cationic ruthenium(iv) species in 
perchloric acide The close similarity between these spectra and that re­
ported by G-ortsema and Cobble [140] for pure monomeric ruthenyl ion strongly 
suggests that the species present in both aqueous solutions of commercial 
ruthenium chloride and perchloric acid solutions of cationic ruthenium(lV) 
are polymers based on the ruthenyl ion. The spectra of solutions
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containing either ruthenium(ill) [36;37;38;14l] or ruthenium(lV) [39] 
chloro species are quite different showing that these species are not 
important constituents of commercial ruthenium chloride solutions.
It seems from this that commercial ruthenium chloride may contain
only ruthenium(IV). The fact that in one hour only about 80% of the
commercial chloride reacts with potassium iodide to liberate iodine and
to precipitate ruthenium tri-iodide may well reflect the greater reactivity
of some of the species present in the aqueous solution. It is possible
that the iodide ion reacts only with monomeric species and that depolymeri-
dipxide
sat ion is slow. At the same time, colloidal rutheniun/may be formed and 
this would explain ?/hy precipitation of the ruthenium as the tri-iodide 
is incomplete even after several days.
The complete precipitation of ruthenium from ruthenium tetroxide by 
the iodide ion can be explained if it is assumed that reduction occurs 
in two stages. In the first, four equivalents of iodine are liberated 
and those ruthenium(iv) species are formed which are present in the 
chloride and which give rise to the final- precipitate. This second stage 
is accompanied by the liberation of a further equivalent of iodine. 
Alternatively, reduction from the tetroxide may proceed directly 
to the precipitate. It is significant that Ruff and Vidic [l2if] found, 
little evidence for a ruthenium(lV) stage.
It is evident from this discussion that the system is extremely 
complicated and it is not possible to draw completely satisfactory con­
clusions from the information available. Furthermore, it is difficult 
to envisage experiments which would successfully elucidate these 
reactions®
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2a SUMMARY
Commercial ruthenium chloride contains at least 65% ruthenium(lV).
The solid is composed of polymeric oxo-bridged species. In solution 
these are extensively hydrolysed to give colloidal polymers based on 
the ruthenyl ion. Simple ruthenium(lll) and (IV) chloro species are 
not important constituents of these solutions.
Solutions of commercial ruthenium chloride react with potassium 
iodide to give a black precipitate of ruthenium tri-iodide and free 
iodine. Precipitation of ruthenium is incomplete. The amount of free 
iodine liberated is equivalent to the amount of the ruthenium precipitated. 
The precipitate is not formed from aqueous solutions of ruthenium(ill) 
chloro species.
Ruthenium tri-iodide is quantitatively precipitated from ruthenium 
tetroxide by the action of iodide ion. Five equivalents of iodine are 
liberated® The reaction is independent of the source of the iodide ion. 
There is no change in the course of the reaction if it is carried out 
in the absence of oxygen. If the tetroxide is heated with hydrochloric 
acid before the addition of iodide ion then precipitation is incomplete 
and there is a decrease in the amount of iodine liberated.
Ruthenium tri-iodide prepared from commercial ruthenium chloride 
is identical with that prepared from ruthenium tetroxide. The initial
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precipitate of ruthenium tri-iodide contains ruthenium(lll). Analyses 
of precipitates dried over phosphorus pentoxide account for less than 
100^ of the material present; The magnetic moment of these dried 
samples is 0*63 - 0.70 B.M. It seems that on drying oxidation takes 
place to give a polymer involving oxo-bridging ruthenium(lV) atoms.
The precipitate slowly loses iodine at room temperature. Extensive 
washing of the precipitate with potassium iodide leads to a Ru : I ratio 
of less than 1 ; 3<*
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